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There is repeated evidence that hybridization is a major contributor to the
production of adaptive diversity; however, the evolutionary fate of hybrids in natural
populations remains poorly understood. In Heliconius butterflies, hybridization is
common and responsible for generating a variety of warning color patterns across the
genus. Predator avoidance of warning colorations appears to largely be learned, which
drives strong positive frequency-dependent selection. This creates a paradox for hybrid
lineages: how do novel hybrid forms manage to establish and persist under such strong
selection? In this dissertation, I present a series of studies centered on the selection
dynamics of Heliconius hybrid zones, to elucidate how novel adaptive traits establish in
nature. Clines across hybrid zones have often been analyzed to estimate selection on
ecologically important loci. Here, warning color clines were characterized and compared
across multiple transects along a Heliconius hybrid zone in the Guiana Shield.
Furthermore, a mark-resight experiment and communal roost observations were
completed near the center of this hybrid zone to determine the survival and likelihood of
establishment of native and foreign forms.

These studies reveal similar survivorship of hybrid and pure color patterns, and
specifically demonstrate that a rare putative hybrid form can survive and establish within
a hybrid zone. Both hybrids and pure color patterns showed comparable life expectancies
in the mark-resight experiment and similar patterns of presence at nocturnal roosts. These
results suggest that selection on warning color pattern is relatively weak within the hybrid
zone. Analyses of color pattern clines uncovered strong selection bounding the hybrid
zone in bi-race areas, while weaker selection was estimated for a tri-race area. In fact, the
tri-race area was three times wider than the bi-race areas. Collectively, these studies
suggest that the selection dynamics across hybrid zones may play an integral role in the
establishment of new adaptive traits, and offers a route by which a reputed hybrid race
may have arisen. The investigations within this dissertation also provide a new view of
hybrid zone dynamics, and improve our understanding of how hybridization and selection
shapes the evolution of biodiversity.
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CHAPTER I
INTRODUCTION

Adaptive variation plays an essential role in the generation and maintenance of
biodiversity. Heritable adaptive variation can arise through genetic mutation, but
hybridization is increasingly recognized as an important source of variation via the
reshuffling of mutations between distinct populations (i.e., ecologically and/or genetically
differentiated populations) (1-4). Diversity generated via hybridization can occur more
rapidly and have a less disruptive influence on already well-adapted traits than mutation
(5, 6). As a result, hybrids can contain substantially more variation and functional novelty
than their progenitors (1, 3, 4). Once new phenotypes are produced, local selection
largely dictates the probability that a novel hybrid form will survive, establish, and
subsequently spread (3, 7-10). Yet, we have a very limited understanding of the nature
and strength of selection involved in this process. The primary objective of this
dissertation is to further elucidate how new hybrid/adaptive traits establish and persist in
natural populations, by studying the selection dynamics of hybrid zones.
Zones of hybridization between distinct populations have long been used for the
study of adaptation and natural selection (11-14). It is frequently thought, that hybrid
forms in these zones experience greater variability in fitness than is predicted by random
mating of the progenitor populations (15). In fact, the structure and maintenance of zones
of hybridization largely depends on the fitness of hybrids within a zone (16-18). 'Tension
1

zones' contain hybrids with relatively low fitness, while intermediates (i.e., hybrids)
inside zones with 'bounded hybrid superiority,' have greater fitness than their progenitors
(11, 12, 17, 19, 20). Therefore, new hybrid forms are much less likely to establish within
tension zones than zones with 'bounded hybrid superiority.' However, the evolutionary
fate of intermediates is less clear in contact zones where hybrids and their progenitors
have similar fitness. It is also unclear if such hybrid zones could be 'hotspots' for the
generation and maintenance of novel traits.
Reduced selection may permit hybrid and parental forms to experience similar
fitness, and have a large impact on the establishment of new adaptive traits (21, 22). It is
known that selection is not usually uniform across space and time. For instance, the
distribution, density, and diversity of predators vary and influence the degree of selection
acting on prey species (22-25). Consequently, traits associated with predator evasion
have been shown to experience increased variation when predation is low or absent (2226). It has been postulated that during periods of relaxed selection (e.g., reduced
predation), the frequency of new phenotypes (e.g., aposematic coloration patterns) can
increase past the threshold for establishment to occur (27, 28). Thus, even if frequencydependent selection against rare forms subsequently increases, some new forms may
persist (28).
Neotropical butterflies in the genus Heliconius are an ideal system in which to
explore the maintenance of heritable variation in hybrid zones. These butterflies have
long offered exceptional insights into the processes of natural selection and the
production of biodiversity (29-33). There are three main reasons why Heliconius is such a
valuable system to understand these processes: 1.) wing color patterns are clearly
2

adaptive, as they warn predators of their toxicity and Müllerian mimicry is extensive (29,
31, 34-36); 2.) the genetics of wing color pattern is well resolved and largely controlled
by a few loci of large effect, and an individual's genotype at a color pattern locus can be
readily determined by looking at the wings of a Heliconius (37-39) (see Figure 1.1 &
Appendix A); and 3.) hybrid zones within and between species are common in the genus
and provide natural laboratories to study the consequences of allelic variation at the loci
responsible for ecological divergence across the speciation continuum (13, 31, 32, 40).

Figure 1.1

Two color pattern loci control major changes in H. erato warning color
pattern in the Guiana Shield.

The Sd locus controls the shape of the forewing band (FWB) and the D locus is
responsible for the presence or absence of red pattern on the wings. Notice the change
from a solid FWB to a broken FWB when transitioning from the upper to the middle
butterfly. Also note the change from a red to a yellow FWB between the middle and
lower butterfly, and that the lower butterfly has red in the proximal portion of the FWB,
as well as red "rays" on the hind wing.
I hypothesize that weak frequency-dependent selection within hybrid zones will
facilitate the survival and establishment of new aposematic phenotypes in Heliconius
3

butterflies. These butterflies display a wide variety of warning colorations, and there is
repeated evidence that hybridization has likely led to at least some of this aposematic
diversity (29, 31, 32, 41-46). Yet, strong positive frequency-dependent selection is
evidenced to maintain hybrid zones between distinct color pattern races of Heliconius
(34). Furthermore, there is continued indication that avian predators are the most
probable agents of frequency-dependent selection sustaining local warning colors, as well
as communal roosting behavior (i.e., individuals aggregate together and are inactive
overnight) in the genus (34, 35, 47-51). Therefore, it is unclear how new wing color
patterns manage to establish and persist in nature.
Where and how selection is measured may offer an explanation for why new wing
color patterns arise in Heliconius despite evidence of strong selection against novel/rare
forms. Clines of phenotypic and genotypic change across hybrid zones can be compared
to estimates of dispersal to determine which traits and genomic regions are under
selection and the relative strengths of selection (52, 53). Cline widths narrower than the
dispersal ability of an organism, reflect strong selection on the trait or locus (52-54). This
method has been employed for Heliconius transition zones to measure selection acting on
warning color loci (55, 56). A major advantage of this approach is that experiments in the
field are not required to estimate selection, rather individuals can simply be collected
across a transect (52, 53, 56). However, selection is measured indirectly, and focuses on
selective pressures on the sides of hybrid zones (52, 53, 56).
More direct methods of estimating selection, such as mark-recapture and artificial
model studies, have also been used to measure predation/selection acting on color pattern
forms of Heliconius (34, 36, 51, 57, 58). The advantage of these approaches, is that they
4

can be completed at a fine geographic scale, which is useful for comparing
predation/selection from one area to another, such as the edge versus the center of a
hybrid zone (36, 58). Nevertheless, these methods require active field work and markrecapture studies were not completed in the central region of Heliconius hybrid zones
(34, 36). Furthermore, the use of artificial Heliconius models for these purposes has only
recently gained some support (51, 57, 58).
With the following studies, I take an integrative approach to understand the
selection dynamics of Heliconius hybrid zones from genetic (Chapter 2 & 4), phenotypic
(Chapter 2 & Appendix B), and behavioral perspectives (Chapter 3). I use multiple
methods (i.e., mark-recapture, observations of communal roosts, and artificial models) to
estimate selection near the center of a Heliconius hybrid zone, as well as measure
selection on the sides of this zone via cline analysis. Collectively, the studies of this
dissertation aim to determine the role transition zones may play in the establishment of
adaptive variation that could potentially transform our understanding of the ecological
and evolutionary dynamics of hybrid zones.
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CHAPTER II
ESTABLISHMENT OF NOVEL WARNING COLORS
IN A HELICONIUS HYBRID ZONE

Abstract
Hybridization has been increasingly recognized as a contributor to the generation
of novel adaptive traits amid a wide variety of organisms, yet little is known about the
evolutionary fate of hybrids in nature. Among Heliconius butterflies, hybridization is
evidenced to have played an important role in the remarkable diversification of
aposematic wing color patterns displayed in the genus. To estimate the survival of native
and foreign hybrid forms and characterize a contact zone of H. erato in French Guiana,
we conducted a mark-resight experiment and warning color cline analyses. We uncovered
that there is a high probability of establishment and similar life expectancy among pure
races, native hybrids and foreign forms within the hybrid zone. In addition, cline analyses
reveal relatively broad clines and strong selection coefficients. Collectively, these results
suggest that although selection against foreign forms is evidenced to be strong on the
sides of Heliconius hybrid zones, conditions near the center may be conducive to the
establishment of novel hybrid warning color morphs. Exposed to these conditions, newly
established hybrid lineages can interbreed with populations close by, thus allowing
additional adaptive variation to arise.
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Introduction
Hybrid zones are powerful natural laboratories for studying adaptation and the
establishment of novel phenotypes (1). These zones of hybridization are typically
characterized by a gradation of intermediate forms between distinct, relatively uniform
populations (2, 3). Often, these intermediate forms in hybrid zones are thought to have
greater variability in their fitness than expected by random mating of the distinct parental
populations (2). For instance, in “tension zones” intermediate hybrid individuals often
have a lower relative fitness to their parentals, which results in a sharp geographic cline
(1, 4-6). Alternatively, hybrid individuals could have a higher relative fitness in the zone
of hybridization than the parentals, resulting in the establishment of a new hybrid lineage
(1, 7-10). Clearly the fitness of intermediate individuals in hybrid zones can have a major
impact on the distribution and persistence of biological variation; however, there have
been few empirical studies of selection within hybrid zones and the evolutionary fate of
hybrids in nature remains poorly understood.
We propose that hybrid zones where intermediate, hybrid individuals suffer no
lower fitness than the parentals, may be important hotspots for generating adaptive
variation. Such transition zones may occur between intraspecific populations of
aposematic insects, where stable warning color clines have been shown to exist for
thousands of generations (11). Warning color clines are putatively maintained by
predators that associate unpalatability with the most common warning color patterns in an
area, and thus act as agents of frequency-dependent selection against rare forms (12-16).
If few loci control warning color pattern differences between divergent races or species,
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then there may be sufficiently high frequencies of hybrid variants to train naïve predators
and allow for the establishment of novel hybrid forms.
In Heliconius butterflies, there is a remarkable diversity of warning color patterns
displayed throughout Central and South America (16-19). When divergent warningly
colored races or species come into contact, they commonly form hybrid zones maintained
by positive frequency-dependent selection (19-21). Avian predators such as jacamars
(Galbulidae) are considered primary agents maintaining Heliconius contact zones, as they
have high discriminatory ability, are capable of learning numerous color patterns when
young, and repeatedly attack the same novel forms as adults (12, 15, 16, 22). These
conditions presumably promote Müllerian mimicry among species of Heliconius and
other Lepidopterans (14, 16, 17, 23). At least 25 different mimetic pairs of H. erato and
H. melpomene races are known to co-occur in regions throughout the Americas (24-26).
The importance of hybridization in the generation of color patterns in these species has
been showcased through field observations, decades of laboratory crosses, and more
recent genomic data (27-32). Only a few loci of large effect seem to control wing color
pattern variation within H. erato and H. melpomene (20, 33, 34). Consequently, increased
hybrid abundance and cline widths, as well as lower selection, are expected when few
loci vary among hybridizing races (11, 20, 35). Despite these expectations, H. erato
transition zones with varying cline widths and degrees of isolation between races have
been identified, though direct estimates of selection have been rare (11, 20, 21, 34-37).
The nature and strength of selection acting on wing color patterns has been
studied at a Peruvian hybrid zone between two H. erato races (34, 37, 38). Differences in
wing color pattern between the two races are largely controlled by three unlinked loci and
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appear dissociated with an environmental gradient (33, 34, 37, 39). High selection
coefficients for color pattern loci (average 0.23 per locus) were measured indirectly from
estimates of cline widths and linkage disequilibria (20, 34). Those selection coefficients
were concordant with direct estimates of strong selection (52 % reduction of non-native
versus native) from a mark-recapture study, where the H. erato races were reciprocally
transferred from one side of the hybrid zone to the other (37). In addition, the
effectiveness of warning color patterns and frequency-dependent selection against nonnative forms was supported by the mark-recapture study (20, 37). Despite uncovering
much about the nature and strength of selection on either side of the hybrid zone, we
know very little about what is occurring near the center where novel color patterns are
continuously being generated.
The study of a unique transition zone in the Guiana shield may offer further
insight into the selection dynamics that permit new warning colors to evolve. H. e. erato
and H. e. hydara form a contact zone across northern French Guiana that extends into
eastern Suriname where they meet a third race, H. e. amalfreda (11, 35, 40-42) (Figure
2.1, left hand panel). This zone of contact is particularly extensive, has persisted in the
same geographic location for at least 2,500 generations, and contains high warning color
diversity (11) (Figure 2.2). In addition, H. e. amalfreda may be a recombinant hybrid, as
wing color pattern characteristics of both H. e. erato and H. e. hydara are expressed
(Figure 2.1, left hand panel). Differences in wing color pattern between the three races
are largely controlled by allelic variation at two unlinked Mendelian loci, D and Sd (33,
41) (Figure 1.1 & Appendix A). Average cline widths of 32 km (27 km for D and 37 km
for Sd) for these loci were estimated by Blum (2008) in northeastern French Guiana, and
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seem associated with an environmental gradient. In French Guiana, selection may be
lower than in a previously studied Peruvian H. erato hybrid zone based on the widths of
the color pattern clines (34); however, selection has not been estimated indirectly with
cline analyses, or estimated directly via field based experiments for the French Guiana
hybrid zone.

Figure 2.1

Maps of H. erato contact zone and study area in French Guiana.

The distribution of the H. erato races in Suriname and French Guiana are illustrated in
the left hand panel, per Hines et al 2011. At the top of the left hand panel, note that H. e.
amalfreda has forewings similar to H. e. erato and hind wings similar to H. e. hydara.
The right hand panel illustrates the study area in northeastern French Guiana. Orange
circles represent collection locations used for warning color cline analysis. Points
highlighted by the ellipse symbolize the locations where H. erato were collected and
transferred from for the mark-resight experiment; and the release site (Camp Patawa) for
the mark-resight experiment is denoted by the yellow star.
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Figure 2.2

Native H. erato warning color forms in French Guiana hybrid zone.

This figure illustrates all 9 native wing color pattern forms found in the French Guiana
hybrid zone. Color locus (D) genotypes are on the x-axis of the squares and the shape
locus (Sd) genotypes are on the y-axis. The pure races are found in the orange squares,
the F1 in the center square, and the F2 forms fill the remaining squares.
In northeastern French Guiana, we use a mark-resight experiment to estimate
survival differences among native color pattern phenotypes of the H. erato hybrid zone.
We also explicitly measure the survival of the putative hybrid H. e. amalfreda phenotype
here. Furthermore, we estimate selection and characterize the transition of wing color
patterns across the contact zone with analysis of warning color clines. If there is similarly
high survival of native and non-native forms within the hybrid zone, and high estimates
of selection in the phenotypically pure populations on either side, then that would suggest
16

frequency-dependent selection is reduced within the contact zone. We expect such
conditions are conducive for the mixing of color pattern alleles and the establishment of
novel adaptive forms, such as the H. e. amalfreda phenotype.
Materials and Methods
Wing color pattern clines
H. erato were captured with aerial nets throughout the French Guiana hybrid zone
during the summers of 2008-2011. At collection locations, GPS coordinates were taken
(Figure 2.1, right hand panel). Captured individuals were placed in glassine envelopes in
a cooler with ice for transport. Wings were kept in the glassine envelopes for a
phenotypic record of wing color pattern, while the bodies were preserved in a DMSO and
NaCl saturated solution. We genotyped 1,427 H. erato based on their color pattern
phenotype (Appendix A) and determined the frequencies of D and Sd alleles for each of
the 88 collection sites (Figure 2.1, right hand panel). Distance along perpendiculars from
the approximate coastline of northeastern French Guiana to each collection site was
ascertained with measurement tools in Google Earth (Google Earth 7.1.2.2041).
Theoretical clines were produced in R (43) following Rosser et al. 2014 (38).
Multi-locus simulations used to generate the theoretical clines for the French Guiana
hybrid zone, differed from the Peruvian contact zone in 2 main regards: 1.) a two-locus
hybrid zone model was used and 2.) both D and Sd are considered codominant. Cline
shape parameters were modeled by implementing purifying frequency-dependent
selection of 2s=0.6 for each color pattern locus in the simulations. The width of each
cline was determined by fitting the simulated clines to the observed data with maximum
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likelihood, and subsequently altering the distance of the cline from the coast and
employing a stretch factor (38).
To estimate linkage disequilibrium, we used collection sites that were
polymorphic for both color pattern loci and had an N > 20. The maximum linkage
disequilibrium between D and Sd was estimated using likelihood following Rosser et al.
2014 (38, 44). Peak disequilibria (i.e. where R peaks) should occur near the center of a
transition zone (i.e. where pavqa = 0.25).
In addition to estimating LD, we calculated heterozygote deficit and departure
from Hardy-Weinberg equilibrium (HWE) across the color pattern clines. Heterozygote
deficit (F) for each locus at a collection site was calculated using F = 1-(obs/exp), where
obs = observed heterozygote frequency, and exp=expected heterozygote frequency (2pq).
The F-values were then plotted against distance from the coast to assess differences in
heterozygote deficit across the clines. Genotype frequencies for each respective locus at a
given collection site, were converted to bi-allelic genotypic counts. Chi-squared HWE
tests were performed on these counts with the R package ‘HardyWeinberg’ (45). The Pvalues from the output of these tests were then plotted against distance from the coast to
assess the amount of departure from HWE across the clines.
The final aspect of the cline analyses was to determine the effective strength of
selection across the French Guiana hybrid zone. Estimates for linkage disequilibrium and
cline widths were utilized to calculate selection coefficients for each color pattern locus
based on methods in Mallet et al. 1990 (34). Maximum linkage disequilibrium was used
to estimate selection pressure (2s), accordingly to Figure 5 from Mallet & Barton (1989 )
(46). Since selection is expected to be stronger on the D than Sd, it was important to
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calculate selection pressure on each locus separately. Locus specific selection pressure
was determined by comparing the relative widths of color pattern clines, and the use of
the following equation:
2(√𝑆D)(√𝑆Sd) = 2𝑠

(2.1)

where sD and sSd are the coefficients for the strength of selection on D and Sd
respectively.
Capture-mark-release-resight (CMRR)
A CMRR experiment was conducted at the approximate center of the hybrid zone
in northeastern French Guiana for 78 days, initiated in May 2011. H. erato were collected
with aerial nets along an approximately 25 km stretch of road (Rd D6) near the center of
the hybrid zone (Figure 2.1, right hand panel). Captured individuals were fed a sucrose
solution every 4-6 hours and stored on ice in glassine envelopes until the subsequent
morning. Before release, each individual was marked with a unique number on the
ventral surface of both hind wings with a silver Sharpie marker (Sanford L.P., A Newell
Rubbermaid Company). Marked individuals were released at food plants (Lantana sp.)
within a grass dominated forest clearing approximately 0.25 km2 in size (Camp Patawa).
At a Lantana plant, each individual was photographed for a record of its wing color
pattern, placed on flowers, and observed for at least one minute to determine its viability–
inability to perch on flowers and/or multiple failed attempts to fly was considered
"inviable" for release. Camp Patawa was observed for several hours daily to resight
marked H. erato. Individuals were predominantly spotted by eye, though a camera with
18 X optical zoom was used to view a number if necessary. If a marked individual was
19

observed along the road (Rd D6) near the camp and was not stopping at a flower, it was
recaptured, its number written down, and then immediately released at that location.
To recreate the putative hybrid H. e. amalfreda phenotype (designated as the
amalfreda non-native form), captured H. e. erato had both surfaces of their hindwings
blacked-out with a Sharpie marker (Sanford L.P., A Newell Rubbermaid Company)
(Figure 2.4). Additionally, we created a non-native all black form by blacking-out the
hind and forewings of captured F1 individuals (form DdSdsd) with Sharpie marker
(Sanford L.P., A Newell Rubbermaid Company) (Figure 2.3).

Figure 2.3

Production of foreign forms.

The left side depicts the hind wings of H. e. erato blacked-out to produce the amalfreda
form. The right side illustrates how the forewings and hind wings of F1 hybrids were
blacked-out to make the Black form.
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To estimate survival differences among wing color pattern forms, we used resight
data from the CMRR experiment and maximum likelihood methods. Survival model
equations from the appendix of Mallet & Barton 1989 (37) were coded in R (43) to
complete these analyses. In this model, the quantity of individuals resighted are reputed
to follow a binomial distribution with resight probabilities determined by the equation

(2.2)

where

(2.3)

and 0 is the release day for an individual, L is the last day an individual is
resighted, and U is day the experiment is terminated (37) (equation rewritten by Dr.
Christopher P. Brooks). The survivorship model provides maximum likelihood estimates
for α (i.e., a constant of proportionality that relates resight probabilities to non-focal
resight effort), the probability of survival in the first 24 hours after release (probability of
establishment, PE), the post establishment death rate (λ), and confidence limits
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surrounding those parameters (37, 47). The probability of establishment parameter (PE)
was divided by the death rate (λ) to estimate life expectancy (LE). Ninety-five percent
confidence limits (confidence intervals) for any one parameter are roughly equal to two
natural log (ln) - likelihood units from the maximum likelihood estimate for that
parameter (37). Those confidence intervals were used to evaluate if there were
differences in parameter estimates (PE and λ) and LE between color pattern forms.
Results
Strong selection on warning colors in pure zones
We used 1,427 H. erato, from 88 locations to produce D and Sd locus clines and
estimate cline width (Figure 2.1, right hand panel; Figure 2.4). Cline widths of 20.22 km
(17.89-23.07) for the D locus, and 23.14 km (20.64-26.25) for the Sd locus (Figure 2.4),
were estimated after a hybrid zone model was fit to the color pattern clines. The French
Guiana color pattern clines are broad relative to the Peruvian H. erato hybrid zone (D
locus width = 8.46 km [7.77-9.20]; Sd locus width = 10.15 [8.82-11.52], (34)), which
suggests different selection dynamics acting in the two hybrid zones. However, as seen in
the Peruvian hybrid zone, LD between alleles at different color pattern loci peaked near
the center of the hybrid zone (R FG~ 0.31, R Peru~ 0.35 (34)) and decreased towards the
edges as the pure parental color patterns increased to fixation. Most striking are the
similarly high selection coefficients estimated for each color pattern locus in the French
Guiana (sD  0.31 and sSd  0.24) and the Peruvian hybrid zones (sD  0.33, while sSd 
sCr  0.15, (20)).
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Figure 2.4

Warning color pattern clines (Cayenne, French Guiana).

For each color pattern locus, allele frequencies at a given collection location are plotted
against distance from the coast (distance along transect perpendicular to coast). This is
represented by blue circles in the upper plot (color locus D) and orange circles in the
lower plot (shape locus Sd). Red curves are the estimated clines for each color pattern
locus. Locus specific estimates of selection (s) and cline widths (w) with associated
support limits, are provided inside the box found in the upper left of each plot.
Selection on wing pattern color is stronger than on wing pattern shape. The cline
for the D locus, which is responsible for variation in wing color, is significantly narrower
than the cline for the Sd locus, which controls wing pattern shape (D locus width = 20.22
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km [17.89-23.07]; Sd locus width = 23.14 km [20.64-26.25]). The more narrow cline of
the D locus is indicative of stronger selection acting on pattern color variation rather than
shape (Figure 2.4). In addition, selection coefficients were higher for the D locus than the
Sd locus (sD  0.31 and sSd  0.24), which once more indicates stronger selection for
pattern color than pattern shape. Again, these results are strikingly similar to estimates
from the Peruvian hybrid zone that also showed a more narrow cline and stronger
selection estimates for the D, color pattern locus than the Sd, shape pattern locus (D locus
width = 8.46 km [7.77-9.20]; Sd locus width = 10.15 [8.82-11.52], (34), sD  0.33, while
sSd  sCr  0.15, (20)).
Results from population genetic measures reveal additional support for different
strengths of selection between wing color pattern loci. There was an increase in departure
from Hardy-Weinberg equilibrium (HWE) and greater heterozygote deficit (F) for the D
locus from the edges towards the center of the cline (Figure 2.5). There were significant
departures from HWE for locations closest to the estimated center of the cline (Figure
2.5). As for the Sd locus, departure from equilibrium was not congruent with the D locus.
Departure from HWE was high for locations near the center of the cline, though there
was not a consistent increase from both edges of the cline, and the only location with a
significant departure was the furthest from the coast (Figure 2.6). In addition, there was
not a clear increase in heterozygote deficit towards the center of the cline, and variation
in heterozygote deficits was asymmetrical from one side of the cline to the other (Figure
2.6).
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Figure 2.5

Departure from equilibrium across color locus (D) transition (Cayenne,
French Guiana).

For the color locus (D) at collection locations, heterozygote deficit (F) and P-values from
Chi-squared tests for Hardy-Weinberg Equilibrium (HWE) (y-axis), are plotted by
distance from the coast (x-axis). This is represented by blue circles in the plots. Panel A
& C include un-binned collection locations, while B & D contain locations binned by half
the dispersal distance of H. erato in the hybrid zone (2.71 km). In panels A & B, any
location (blue circle) below the dotted line is considered to have a significant departure
from HWE (P < 0.05). In panel C & D, the further locations are above zero the larger the
heterozygote deficit, and the further below zero, the greater the heterozygote excess. The
solid gray line in panels C & D designate zero.
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Figure 2.6

Departure from equilibrium across shape locus (Sd) transition (Cayenne,
French Guiana).

For the shape locus (Sd) at collection locations, heterozygote deficit (F) and P-values
from Chi-squared tests for Hardy-Weinberg Equilibrium (HWE) (y-axis), are plotted by
distance from the coast (x-axis). This is represented by orange circles in the plots. Panel
A & C include un-binned collection locations, while B & D contain locations binned by
half the dispersal distance of H. erato in the hybrid zone (2.71 km). In panels A & B, any
location (orange circle) below the dotted line is considered to have a significant departure
from HWE (P < 0.05). In panel C & D, the further locations are above zero the greater
the heterozygote deficit, and the further below zero, the larger the heterozygote excess.
The solid gray line in panels C & D designate zero.
High survival of warning color diversity in hybrid zone
To determine if survivorship differs amid warning color morphs within the
transition zone, we conducted a capture-mark-release-resight experiment (CMRR). We
released 392 H. erato comprised of 2 native parental color pattern forms, 7 native hybrid
forms (Figure 2.2), and 2 non-native forms (Figure 2.3), near the center of the hybrid
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zone (at Camp Patawa) (Figure 2.1). Sixty percent of released individuals were resighted
at least once throughout the study. Similarly high estimates of the probability of
establishment were found for both parental forms (erato: PE = 0.73, hydara: PE = 0.82)
and hybrids (PE = 0.77) (Figure 2.7, panel A). There was also a similar death rate (λ)
between parental forms and hybrids (Figure 2.7, panel A). Using PE/λ to estimate the life
expectancy revealed comparable life expectancy of parental forms and hybrids (Figure
2.7, panel B).

Figure 2.7

Survival of color pattern forms near hybrid zone center.

A.) Maximum likelihood estimates (shown with black point in center of ellipses) and
confidence intervals for probability of establishment within first 24 hours (PE) and rate of
death post initial 24 hours (λ). B.) Life expectancy (LE) estimates and confidence
intervals are shown for “pure” (H. e. erato & H. e. hydara), hybrids (all 7 intermediate
color genotypes) and amalfreda (H. e. erato forewing with hind wing modified to
resemble H. e. hydara). Ninety-five percent confidence intervals are shown as ellipses in
A and bar plots in B.
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Analyses of survivorship for each color pattern genotype identified phenotypes
with higher life expectancies than others. When LE was estimated for each color pattern
genotype separately, some hybrid color pattern forms (i.e. DdSdsd, DDSdsd, and
DdSdSd) were greater than the parental color pattern genotypes (Figure 2.8). When
individuals were grouped based on a single color pattern locus, while ignoring the other
color locus genotype, there did appear to be higher survivorship for individuals
heterozygous at the D locus (Dd) and individuals homozygous for the H. e. hydara sd
allele (sdsd) (Figure 2.9).
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Figure 2.8

Life expectancy estimations for each color pattern genotype separately.

The x-axis represents life expectancy (LE) in days. An image of each warning color form,
as well as the genotype (for natives), is shown on the y-axis. Lines stemming from the LE
point estimations for each form represent 95 % confidence intervals.
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Figure 2.9

Life expectancy estimated for single color pattern loci.

A.) Illustrates life expectancy estimates for the genotypes of the color locus (D), while
B.) demonstrates the life expectancy estimates for the genotypes of the shape locus (Sd).
95 % confidence intervals are shown for each respective genotype with bar plots.
High survival of the putative hybrid (H. e. amalfreda form) was also found in the
transition zone. Twenty-five amalfreda forms, produced by blacking-out wing regions of
native H. erato (see Methods), were released during the capture-mark-release-resight
(CMRR) experiment (Figure 2.3). High probability of establishment and low death rates
for amalfreda (PE = 0.8 [0.73-0.87], λ = 0.052 [0.040-0.064]), were very similar to
estimates for the pure parental and hybrid forms (Figure 2.7, panel A). The estimates of
life expectancy for amalfreda forms were also comparable to the life expectancy for pure
parental or hybrid forms in the French Guiana hybrid zone (Figure 2.7, panel B).
Discussion
The process of how novel adaptive, hybrid phenotypes establish and persist in
natural populations has been a topic of much speculation (7, 9, 28, 48-54). New warning
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color patterns are unlikely to evolve, since predation pressure is presumably much higher
for novel rare phenotypes that predators have not yet learned to associate with
unpalatability (14, 17, 20, 23, 55, 56). Yet in nature, a wide variety of aposematic forms
have evolved in butterflies and several other organisms (20, 23, 55, 57-61). Our findings
demonstrate that rare, foreign warning color forms can survive as well as native forms
within a hybrid zone. Previous experiments centered on the survival of aposematic
butterflies have consistently shown reduced survival of non-native/rare forms with
translocations of phenotypes, alteration of native forms, and through the use of artificial
models (37, 47, 62, 63). Here, we find similar life expectancies and high probabilities of
establishment for hybrid, pure, and foreign warning color patterns of Heliconius erato.
These results indicate that the release habitat was sufficient for the survival of transferred
butterflies; otherwise, they would have likely dispersed to a more suitable location
shortly after release (37). Limited dispersal from the release site was expected, since
released butterflies were collected from similar habitats near the center of the hybrid zone
and are known to have a relatively small lifetime dispersal distances (~2-4 km/gen) (19).
Collectively, results from cline analysis of this French Guiana and several other
Heliconius hybrid zones have demonstrated there is strong selection against non-native
forms on the sides of the hybrid zone (34, 37). We have extended these studies and
demonstrated that near the center of the hybrid zone, there is high survival of novel, nonnative warning color forms.
Such high survivorship of foreign aposematic phenotypes indicates that selection
on warning coloration may be relaxed in areas of admixture relative to the pure zones.
Theory suggests that temporarily low levels of selection may allow the abundance of a
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new hybrid warning color to increase via genetic drift (53, 55). A subsequent rise in
positive frequency-dependent selection could then drive the new warning color towards
fixation, as long as the form is common enough and is an effective aposematic signal to
local predators (23, 28, 53, 55). Recently in poison-dart frogs, reduced predation was
evidenced in a "transient zone" that contains a species with a variety of aposematic
forms; yet , in areas on either side where the species is monomorphic, selection is strong
(64). Consequently, relaxed predation/selection may provide key opportunities for the
origin and persistence of new adaptive traits.
Divergence with gene flow and the origin of novel adaptive variation
The evolution of reproductive isolation between populations with gene flow is a
continuous process (21, 65-67). Evidence for this has been provided in hybrid zones of
Heliconius (19-21, 37, 65, 67). For example, transition zones range from geographic
races, where hybrids are abundant and show minimal genomic differences except at
warning color loci (20, 21, 26, 36, 37, 67), to contact zones between incipient species,
where ecological and genomic divergence can be extensive, hybrids uncommon, and
assortative mating strong (20, 21, 67-70). The hybrid zone described here represents an
intermediate stage along the continuum of divergence with gene flow. Hybrids are
abundant and have a high survival in the French Guiana transition zone, yet color pattern
clines are associated with a forest-savannah ecotone between H. erato and H. hydara.
Gene flow appears to be extensive across the genomes of the hybridizing races, except
for narrow regions of divergence across the color pattern loci (71). The high survivorship
of hybrid and foreign warning color forms at this intermediate stage of divergence may
provide conditions conducive for new hybrid phenotypes to arise and persist.
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Why do foreign patterns have high survivorship?
The ability to learn aposematic signals is complex and varies across the predator
community (12, 14-16, 56, 72-77). For instance, there is evidence that some avian
predators have an innate propensity to avoid aposematic insects (12, 73), while
specialized avian predators such as jacamars (Galbulidae) are known to sample and learn
a large variety of local warningly colored prey (12, 15, 16). Predators may learn other
aposematic signals, besides obvious color patterns (78, 79). For example, flight behavior
in Heliconius is more similar among distantly related co-mimics, than between closely
related non-mimic (sister) species, likely attributed to mimicry pressures driven by
predator learning of flight behavior (79). In areas with an extreme diversity of warning
color patterns, such as where multiple mimicry rings overlap, there may be an advantage
for avian predators to focus on general wing color pattern differences among palatable
and unpalatable butterflies, or to focus more heavily on other traits, such as flight pattern.
Prey density could be an important component of predator training and have major
effects on survivorship (14, 47, 80-82). For example, foreign forms would also have
increased survival if their densities were high or if predator densities were low (37, 47,
81-83). Kapan (2001) demonstrated that survival of non-mimetic Heliconius forms was
greater when released at high rather than low densities; and Mallet & Barton (1989)
noticed there was not a significant difference in survival between native and non-native
H. erato at release sites where one or no jacamars were observed. At our release site in
French Guiana, known predators such as jacamars, motmots (Momotidae), flycatchers,
and tanagers (Thraupidae) were observed (12, 15, 16, 22, 76, 84, 85). We released an
average of less than one individual of a given color pattern each day, to minimize the
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effect of high density inflating survival. In general, H. erato is very common in the
hybrid zone area along the Kaw Mountains of French Guiana and dozens of individuals
can often be observed visiting a single adult food plant throughout a day. Therefore, it
seems unlikely that released H. erato densities in the CMRR experiment had much of an
impact on survivorship, relative to natural densities.
Conclusions
The evolutionary processes behind the diversification of aposematic forms and the
establishment of hybrid lineages have both intrigued and inspired controversy among
biologists (7, 9, 17, 20, 23, 48-50, 52, 55). Our study demonstrates that new hybrid
warning color forms can survive as well as parental forms in the middle of an
intraspecific transition zone, thus suggesting that frequency-dependent selection may be
relatively weak in the center of hybrid zones relative to the pure zones. Reasons for the
high survivorship of recombinant aposematic morphs is unclear, though may be related to
the extreme variety of warning colorations found where mimicry rings overlap and the
learning complexity of a diverse predator community. Regardless of the reason, survival
is critical in the establishment and persistence of a new hybrid form. We suggest that
establishment is facilitated when hybridizing populations are at a unique, intermediate
stage of divergence, such as exemplified by H. e. erato & H. e. hydara in French Guiana,
where hybrids are common. Under these conditions, newly established hybrid lineages
may intermix with nearby populations, thus generating exponentially more adaptive
variation.
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CHAPTER III
COMMUNAL ROOSTING BEHAVIOR AND THE NATURE OF SELECTION
WITHIN A HELICONIUS HYBRID ZONE

Abstract
A wide range of taxa exhibit communal roosting. Individuals that participate in
these nocturnal aggregations tend to gain some adaptive advantage. This is highlighted
well in aposematic groups of butterflies, such as Heliconius. In Heliconius, wing color
patterns are under strong positive frequency-dependent selection via avian predators; yet,
there is a large diversity of warning colorations displayed among races and species
throughout the Neotropics, particularly where ecologically/genetically distinct forms
meet in hybrid zones. Several studies have suggested the formation of communal roosts
in Heliconius serves as an anti-predator defense, where aggregations of similarly colored
individuals enhance the signal to predators that they are unpalatable. However, roost
studies have not been conducted in the middle of a hybrid zone, and we have little
knowledge of the selection dynamics on novel and diverse color pattern forms in such
areas. Here, we make observations of eleven H. erato color pattern forms (i.e., 2 pure, 7
hybrid, and 2 foreign) in communal roosts within a French Guiana hybrid zone. We
found similar proportions and occurrences of most forms at roosts, including a rare
foreign form, which suggests the conditions within this hybrid zone are suitable for new
aposematic phenotypes to survive and establish. Furthermore, our results indicate that
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possessing a solid forewing band may aid roost formation, while lacking warning
coloration (i.e., all black form) disrupts it. This study has not only uncovered more about
roosting behavior in Heliconius, but has provided additional evidence about the nature of
selection inside hybrid zones and the establishment of novel adaptive traits.
Introduction
Nocturnal aggregations are found in a diverse array of taxa, from beetles and
butterflies, to birds and primates (1-4). Having such a wide range of taxa exhibiting
communal roosting behaviors (i.e., nocturnal aggregations) has inspired numerous
scientists to question why roosts form. Most studies have supported an adaptive
advantage for the individuals composing communal roosts (1, 3, 5-7). For instance,
nocturnal aggregations of monarch butterflies can provide a beneficial micro climate for
roost participants, as well as predator dilution (8, 9). Roosting behavior in butterflies has
been particularly well studied (1, 5, 7, 8, 10-15). Species from the Nymphalidae
subfamilies, Ithomiinae (10), Danainae (8, 9, 11), and Heliconiinae (5, 7, 12-14) are
known to exhibit circadian roosting (i.e., repeatedly forming aggregations in certain areas
for a period of the day to sleep) (15) and are also recognized for their aposematism (i.e.,
bold/contrasting coloration used to signify unpalatability/toxicity) (16-19). Although,
some palatable butterfly species form roosts (15, 20-22), most butterfly groups that form
nocturnal aggregations tend to be unpalatable, long-lived, have low vagility (limited
dispersal), and small home ranges (5, 23). Despite this knowledge, communal roosts of
aposematic butterflies have rarely been utilized to study the establishment of novel
warning color patterns.
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Heliconius butterflies are an unpalatable group of Neotropical butterflies that
display a diverse assortment of warning colorations and form nocturnal aggregations (12,
13, 17, 24, 25). Wing color patterns in this genus serve both as warnings to predators of
their unpalatability, as well as signals in sexual selection (17, 26-29). Locally, color
patterns are often under strong frequency-dependent selection against rare forms (30-32),
which has promoted Müllerian mimicry (i.e., multiple species share the cost of training
predators of their toxicity/unpalatability) among Heliconius species and other genera of
Lepidoptera (31, 33, 34). Nevertheless, there are generally multiple geographic color
pattern races across the range of a species, particularly in H. erato and H. melpomene (17,
35, 36). When color pattern races or species of Heliconius come into contact they often
form hybrid zones (17, 34, 37). The study of these hybrid zones has aided our knowledge
of barriers to gene flow, selection, and the generation of adaptive traits through
hybridization (34, 37-40).
Communal roosting in Heliconius may aid our understanding of warning color
evolution. Heliconius are known for their small home ranges and attending the same roost
night after night (i.e., high fidelity) (5, 7, 12, 41-43). Frequent occurrences of an
individual at a roost likely indicate the suitability of the local environment for survival
(12, 13). Of the numerous hypotheses for the formation of communal roosts (1, 7, 12,
44), anti-predator defense is most heavily supported and suggests that aggregations of
like-colored aposematic individuals enhance the signal to predators that they should be
avoided (1, 13, 44). Support for this hypothesis comes from evidence that individuals
tend to select con-specific roost mates and/or co-mimics (13), and wing color pattern
recognition has been utilized to form roosts (45). Furthermore, Finkbeiner et al. (2012)
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used avian-indiscriminable models of Heliconius erato to show there were significantly
less attacks on models in communal roosts than when at rest singly. However, in their
experiment all models were of the same color pattern (1). We know very little about
mixed color pattern roosts in nature, and what selection is like on color patterns in such
roosts.
Here we examine communal roosting behavior near the center of a H. erato
transition zone in French Guiana. Two ecologically divergent, warningly colored races,
H. e. erato and H. e. hydara, form a hybrid zone across northern French Guiana (46, 47)
(Figure 2.1). There are nine wing color pattern phenotypes (i.e., forms) that correspond to
allelic variation at two un-linked Mendelian loci of large effect (i.e., D and Sd) (46, 48)
(Figure 1.1 & 2.2). This hybrid zone not only contains a large diversity of color pattern
forms, but is long-standing, as it has been in approximately the same position for over
250 years (49, 50). Recently, a mark-resight study was used to assess the
survival/establishment of the different color pattern forms here (Chapter 2). As part of
their study, two foreign forms (i.e., one putative hybrid [amalfreda] and one all black
form) were produced with Sharpie marker (Sanford L.P., A Newell Rubbermaid
Company). Similarly high survival was found for all color pattern forms, native and nonnative alike, suggesting selection on color patterns within this hybrid zone is relaxed,
relative to the edges of the hybrid zone (Chapter 2).
In the current study, we use observations of nine native and two foreign color
pattern forms at roosts to complete the following objectives: 1.) describe roosting
behavior in the middle of a Heliconius hybrid zone, 2.) establish whether multiple
warning color forms occur at a single roost, and 3.) determine the proportion and average
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occurrences of different color pattern forms at roosts. By completing these three
objectives, we aim to assess the survival/establishment of H. erato warning color
phenotypes within the French Guiana hybrid zone. Additionally, we wanted to evaluate if
H. erato preferred to roost with individuals with comparable warning color patterns,
which may amplify the signal of unpalatability to local predators. If there is reduced
selection on color pattern forms here, we expect to find all color pattern forms
represented in similar proportions at the roosts and be observed a similar number of
times. Provided there is a preference for like color patterned individuals to roost together,
then we would expect a bias in the warning colors present at a roost area (i.e., roost), or
several different clusters/"sub-roosts" of individuals, each with their own phenotype,
within a single roost.
Materials and Methods
Study site
Roost observations occurred from May to August, 2011 at Camp Patawa. This
camp is located ~ 50 kilometers southeast of Cayenne, French Guiana, and is positioned
near the estimated center (Patawa is 24.1 km, center about 22.5 km from coast [Chapter
2]) of the Heliconius erato hybrid zone along the road to Kaw (Figure 2.1, right hand
panel). Camp Patawa is a grass dominated clearing roughly 0.25 km2 in size and
surrounded by primary growth rainforest.
Collecting, marking, and releasing
H. erato used in this study were captured with an aerial net along a ~ 25 km
portion of the road to Kaw. Individuals were placed in glassine envelopes, fed a sucrose
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solution and keep on ice until the following morning (Chapter 2). A portion of captured
H. e. erato individuals had the rays of their hind wings blacked out with Sharpie marker
(Sanford L.P., A Newell Rubbermaid Company) to produce a H. e. amalfreda foreign
phenotype (i.e., amalfreda form), and a percentage of F1 individuals had the non-black
regions of their wings blacked out to produce an all black foreign form (i.e., black form)
(Figure 2.3). Prior to release, a silver Sharpie was used to uniquely mark each individual
with a three-digit number on the underside of both hind wings. In addition, the color
pattern genotype and sex of each individual was noted, and a picture of the wings was
taken to validate the assigned color pattern form with a genotype criteria (Appendix A).
Subsequently, individuals were released at Lantana sp. food plants throughout Camp
Patawa.
Roost observations
A ‘roost’ was defined by a section of bare branches/twigs where two or more H.
erato perched during the night for at least two consecutive days (Figure 3.1). Roosts were
considered separate from one another if all individuals of each respective aggregation
were two or more meters apart. Individuals that were not in a roost, but exhibited roosting
behavior at locations nearby, were included in this study. An individual was considered
roosting if they were hanging upside down motionless from bare twigs/tendrils, after
18:00 (Figure 3.1).
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Figure 3.1

H. erato roosts within hybrid zone.

Panels (A) & (D) illustrate H. erato roosting. Note that different color pattern phenotypes
are displayed in these roosts. Panels (B) & (C) exemplify roost size and habitat.
Nightly roost observations generally occurred for 5-10 minutes between 18:00
and 22:00. Checking the roosts at this time helped insure that individuals were settled for
the night and would not switch to another perch/roosting area. At a roost: the time, the
number of each individual, a rough estimate of distance between each individual, and an
approximate estimate of roost height was recorded. If an unmarked H. erato was viewed
roosting at Camp Patawa, they were captured, marked, and released as described
previously.
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Analysis
To determine disparity in the proportion of warning color forms witnessed
roosting, we performed exact binomial tests. For these tests, number of 'successes' was
considered the quantity of individuals of a given form observed at roosts; 'trials', were the
number of individuals of a given form released; and the 'probability of success,' was the
total quantity of individuals of all forms observed at roosts over the total number of
individuals of all forms released. P-values returned from the exact binomial tests were
then used to assess if there were significant differences in the proportion of the various
warning color forms at roosts.
Exact binomial tests were also employed to establish, if the average number of
occurrences at roosts differed significantly between color pattern forms. The average
number of occurrences of a given form at roosts were considered 'successes;' the number
of days roosts were observed for this study were considered the 'trials;' and the
'probability of success' was the average number of occurrences of all forms viewed
roosting over the number of trails.
Results
Description of communal roosting
Over the 79-day duration of this study, 100 roosting H. erato were observed at
least once among three roosts (i.e., R1, R2, & R3) and a few additional locations
throughout Camp Patawa (65 H. erato sighted at R1, 40 at R2, 14 at R3, and 11 among
seven other places). The vast majority of the 11 individuals at non-roost locations, were
at rest singly and only witnessed for one night in that area. The discrepancy between the
total number of individuals viewed in this study and the sum of the individuals viewed at
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each roosting location, is the result of a minority of individuals frequenting multiple
roosts over the course of the study. However, 76% of individuals had perfect roosting
fidelity (i.e., every time an individual was observed roosting, they were at the same
location). In fact, there were several individuals that were not only observed at the same
roost night after night, but were perched on the end of the exact same twig each sighting.
Most of the individuals without perfect fidelity (24 % of individuals) were seen at one of
two locations, and none were viewed roosting at more than three places.
Roosting individuals were generally perched on bare twigs from 0.33 to 3 meters
high and located along or near the tree line (Figure 3.1). On average, ~20 H . erato were
viewed roosting per day. The three roosts ranged in size from 0 to 14 individuals for R1,
1-24 for R2, and 0-5 for R3, throughout the duration of this study. There was an average
of 7.7, 12.4, and 1.8 individuals per day at R1, R2, and R3, respectively. The sex ratio
was similar between released individuals and those observed roosting. 2.5 more roosting
males than females (M71/F29) were viewed; however, this ratio is not significantly
different from the proportion of males/females observed (binomial test P-value = 0.1463,
N = 100).
On a few occasions, communal roosts of unmarked individuals were observed at
locations in the middle of the hybrid zone beyond Camp Patawa. These roosts occurred in
similar habitats and heights as roost participants at Camp Patawa (i.e., perched on bare
twigs, 0.33 - 3 meter in height, with some foliage above them). Furthermore, communal
roosts at these locations consisted of multiple forms. Roosting behavior observed beyond
Camp Patawa was not completed for consecutive nights.
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Color pattern composition of roosts
Mixed roosts were observed in the middle of the hybrid zone (Figure 3.1). All 11
forms (i.e., 2 pures, 2 foreign forms, and 7 hybrid forms) were represented among the
three roosts during the study (Table 3.1), including on the same night (e.g., day 66, all 11
forms were represented among roost 1 and 2, 7 forms in R1, 9 forms in R2, 5 forms at
both roosts). In addition, as many as nine forms were observed at the same roost on the
same night (e.g., on multiple days, 9 forms were observed at R2; day 70, 8 forms
observed at R1).
Table 3.1

Proportion and occurrence of color pattern forms at roosts.

Form
Genotype

Form
#

#
Released

# At
Roosts

Proportion
of Released

P-value
(A)

Mean # of
Occurrences

P-value
(B)

ddSdsd

1

48

16

0.33

0.248

19

0.399

DDSdSd

2

36

10

0.28

0.849

20

0.261

DdSdsd

3

54

14

0.26

1.000

18

0.574

DDSdsd

4

52

12

0.23

0.752

13

0.484

Ddsdsd

5

26

6

0.23

1.000

38

0.000

DdSdSd

6
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15

0.33

0.312

8

0.024

ddsdsd

7

27

11

0.41

0.081

14

0.675

DDsdsd

8

16

2

0.13

0.389

21

0.160

ddSdSd

9

15

1

0.07

0.137

19

0.399

amalfreda

10

25

7

0.28

0.820

12

0.327

Black

11

43

6

0.14

0.082

5

0.001

Total/Mean

NA

388

100

0.24

0.515

17

0.301

P-values from binominal exact tests are shown in the columns labeled as P-value (A) and
(B). (A) contains the P-values for the proportion of color pattern forms observed at roosts
('probability of success' = total # at roosts/total # released). (B) includes the p-values for
the average occurrences of warning color morphs witnessed roosting ('probability of
success' = overall mean # of occurrences/# of days in study [79 days]). Significantly
lower and greater occurrences (P < 0.05) are represented by red and blue P-values,
respectively.
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There was not a significant difference between the proportions of warning pattern
forms at roosts. This was true for all 9 naturally occurring forms, as well as for the two
experimental forms when compared individually (Table 3.1), and when grouped into the
categories pure (H. e. erato & H. e. hydara), hybrid (all seven hybrid forms), and foreign
(amalfreda & Black) (Table 3.1).
Color pattern and number of occurrences
Most forms did not have a significant difference in the average number of times
they were viewed at roosts. Both pures (H. e. erato & H. e. hydara), 5 hybrid forms, and
amalfreda, had a similar average number of occurrences at roosts (Table 3.1); however,
Black and hybrid form 6 (DdSdSd) had significantly fewer occurrences, and hybrid form
5 (Ddsdsd) were sighted roosting much more often than the other forms (Table 3.1).
Conversely, when warning color forms were compared in the categories, pure (H. e. erato
& H. e. hydara), hybrid (forms 1, 3-6, 8, & 9 [Table 3.1]), and foreign (amalfreda &
Black forms), there was not a significant difference in the number of occurrences at
roosts (Table 3.2).
Table 3.2

Occurrence and proportion of pure, hybrid, and foreign forms at roosts.

Form

# Released

# At
Roosts

Proportion of
Released

P-value
(A)

Mean # of
Occurrences

P-value
(B)

pure

63

21

0.33

0.194

17

0.779

hybrid

257

66

0.26

1.000

17

0.779

foreign

68

13

0.19

0.267

9

0.066

Total/Mean

388

100

0.26

0.487

14

0.541

P-values from binominal exact tests are shown in the columns labeled as P-value (A) and
(B). (A) contains the P-values for the proportion of color pattern forms observed at roosts
('probability of success' = total # at roosts/total # released). (B) includes the P-values for
the average occurrences of warning color morphs witnessed roosting ('probability of
success' = overall mean # of occurrences/# of days in study [79 days]).
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Discussion
Despite studying Heliconius for over 150 years (51), we still know little about
roosting behavior within contact zones, and how new wing color patterns arise and
persist. Here, we provide additional evidence for the establishment of novel warning
colorations within a Heliconius hybrid zone, using observations of communal roosting
behavior. There were not only mixed color pattern roosts viewed within the French
Guiana transition zone, but these roosts were highly diverse and included two novel
foreign forms (i.e., amalfreda & Black [Figure 2.3]). Furthermore, there were similar
proportions and occurrences of different forms at the roosts over the course of this study.
The fact that the novel amalfreda form, a putative hybrid, was observed a comparable
number of times as most native forms, is strong evidence of local establishment. These
findings support the results of the mark-resight study discussed in Chapter 2 that suggests
that predation on rare warning color patterns may be relaxed within the hybrid zone.
Aposematic monomorphism versus polymorphism in communal roosts
Heliconius roosts are generally composed of a single color pattern form (12, 13).
This color monomorphism appears to be the result of diurnal predation of the rare, nonnative wing color patterns, primarily by birds (26, 30-32). Recent studies of communal
roosting in Heliconius suggest that the behavior amplifies the unpalatability signal of the
aposematic participants (i.e., nocturnal aggregations as an anti-predator defense), which
would also contribute to the evolution of aposematic monomorphism (1). Accordingly, a
given Heliconius species typically displays a single color pattern in any one area, and
predominantly roosts with conspecifics or a co-mimic; thus, few examples of warning
color polymorphism exist in Heliconius roosts (12, 13, 34, 52). However the current
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study does not provide clear evidence of predation at roosts, and there is the potential that
predation may not occur at noctural aggregations. In a recent polymorphic roost example,
two different forms of H. erato were observed at roosts in Panama; although, one form
was vastly more represented than the other, and the two phenotypes are largely similar
(i.e., only vary by the presence or absence of a yellow bar on the hind wing) (41). In
addition, the hybrid zone between the H. erato races of Panama is broad (>60 km),
suggesting selection on the color pattern difference is weak (53). Here in French Guiana,
there is greater disparity in warning coloration between the races (Appendix A) of this
hybrid zone and the transition is much narrower (Chapter 2); yet, both forms were
represented together at individual roosts, not to mention several hybrid forms. It is
unlikely that the French Guiana hybrid zone is the only place where nocturnal
aggregations are composed of individuals with such large differences in warning color
patterns; mixed roosts may be present in the middle of many transition zones, particularly
if the populations are at a similar level of divergence as the races here. Future work on
roosting behavior within other Heliconius hybrid zones is needed to make such
assessments.
Color pattern and roost formation
Certain warning color patterns may influence the formation of roosts more than
others. In the current study, there was a significant difference in the average number of
occurrences at roosts for three forms. For instance, the black form was observed
significantly less at roosts than nine other forms. This may be due to greater predation on
the black form, or because an all black phenotype is not preferred or interferes in the
formation of nocturnal aggregations (45). In Chapter 2, we demonstrated that the black
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form has similarly high, but extremely variable, survival relative to the majority of forms
in the French Guiana hybrid zone, which suggests that predation on average is not higher
on the black form. On the other hand, Salcedo (2010) found that an all-black H. erato
phenotype interferes with the formation of communal roosts; thus, this is a more likely
explanation for the lower occurrence of the black form at roosts. However, hybrid form 6
(DdSdSd) (Figure 2.2) has rays, dennis (i.e., proximal red/orange patch of the forewings),
and a completely broken red forewing band (FWB) (Appendix A), yet also has
significantly lower average occurrences at roosts (Table 3.1), which is more difficult to
explain. Having a yellow broken FWB may be more advantageous when also possessing
a red/orange dennis and rays. Such wing color pattern phenotypes are found in a number
of different Heliconius races/species (and other butterfly genera), where an orange/red
broken FWB accompanied by orange/red dennis and rays is much rarer (52).
Interestingly, the possession of a solid FWB may aid in communal roost
formation. The occurrences of Ddsdsd individuals at roosts greatly exceeded all other H.
erato forms (P < 0.0001). Another solid FWB form, DDsdsd, had the highest average
number of occurrences at roosts after Ddsdsd (though was not significantly higher, P =
0.16). H. e. hydara (ddsdsd) had a similar number of occurrences compared to most
forms, but the proportion of released H. e. hydara represented at roosts was higher than
any other color pattern form (marginally significant, P = 0.081). In addition, individuals
possessing the sdsd phenotype had significantly longer estimated life expectancies than
Sdsd or SdSd individuals in the mark-resight experiment of Chapter 2. FWB shape may
therefore not only play an important role in the formation of communal roosts, but the
survival of individuals in their local environment as well, thus providing - insight into
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how roosting behavior could aid the establishment of newly arising hybrid
phenotypes/adaptive traits.
Conclusions
Here, we show that roosting behavior of an aposematic organism can inform us
about the establishment of a novel warning color form in a local environment.
Specifically, we provide evidence for the survival and persistence of a rare putative
hybrid form within a contact zone that supports the hypothesis that weak predation
pressure on warning colors in hybrid zones may facilitate the persistence of novel
aposematic phenotypes. This study has also extended our knowledge about the influence
of warning coloration on roost formation. We present clear examples of polymorphic
roosts (i.e., roost participants possess different warning color phenotypes), and propose
that polymorphism in roosts is likely to occur in areas where novel and diverse color
patterns are continually being produced, such as hybrid zones. Furthermore, we found
that color pattern shape may have a large influence on roost formation and therefore the
establishment of new forms.
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CHAPTER IV
TRI-VERSUS BI-CONTACT ZONE SELECTION DYNAMICS AND THE ORIGIN
OF A "HYBRID" HELICONIUS RACE

Abstract
Zones of hybridization between divergent populations have been valuable in
understanding the generation and maintenance of adaptive diversity. However, we know
very little about the nature and strength of selection involved in the establishment of new
hybrid lineages. Among Heliconius butterflies, not only is there a remarkable degree of
variation in adaptive warning colorations displayed, but many hybrid zones occur where
races and species come into contact. Some of these zones are composed of three distinct
races and contain an even greater diversity of aposematic forms than bi-hybrid zones of
the same respective races. Here, we use cline analysis to characterize and compare the
warning color transition and selection dynamics of a tri-race area to two bi-race areas
along the same Heliconius hybrid zone in the Guiana Shield. We reveal that the color
pattern transition across the tri-race area was more than three times wider than either of
the bi-race areas. Additionally, selection coefficients were much lower for the tri-race
area, which suggests that weak selection is maintaining color pattern clines. These results
offer further insight into the selection dynamics that permit new hybrid/adaptive traits to
establish and persist in natural populations, thus furthering our understanding of
hybridizations contribution to the production of biodiversity.
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Introduction
Hybrid zones are valuable resources for studying the origin and persistence of
adaptive variation (1). Comprehension of the maintenance of these zones of hybridization
is crucial for such insight, and has led to the construction of multiple theoretical hybrid
zone models (1, 2). "Tension zones," are maintained by a balance between intrinsic
selection against hybrids and the degree of dispersal (3-5), while zones considered to
have "bounded hybrid superiority," are dispersal independent and intermediates (i.e.,
hybrids) are at a selective advantage within the middle of an ecotone between two
parental populations (6, 7). Mosaic hybrid zones on the other hand, do not exhibit a
continuous change of the environment, instead, there is a patchwork of parental
populations that vary in proportion from one edge of the zone to the other (8). Both
dispersal ability and habitat patch size are crucial for the maintenance of these zones (8).
Clearly, the structure of transition zones is largely influenced by the fitness of hybrids,
the ecological segregation of the progenitor populations, and the dispersal abilities of the
hybridizing taxa (2, 5, 9, 10); however, the described models and the vast majority of
hybrid zone studies have only focused on the transition between opposite sides of a zone,
rarely is there comparison among multiple transects along the same transition zone, or in
areas where more than two hybridizing populations overlap (1, 11).
Transitions between three or more distinct populations could provide a more
complete comprehension of the structure of hybrid zones and the establishment of novel
adaptive traits. Hybridization between two divergent populations (i.e., ecologically,
morphologically, and/or genetically distinct populations) is known to result in the
production of adaptive variation and functional novelty via new allelic combinations
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during admixture (12, 13). When three distinct populations hybridize, there are an even
greater number of allelic combinations that can occur, and thus may be conducive to the
generation of more adaptive variation. Furthermore, tri-population areas are less likely
going to lead to smooth clines across the transition zones (8, 14). Instead, they will
presumably have increased population structure, potentially resulting in a mosaic-hybrid
zone, which are often wider than gradient zones (8, 14). Patches of different phenotypes
in mosaic hybrid zones may act as refuges that allow for continual hybridization and
maintenance of polymorphism (8). Therefore, comprehending more about these potential
hotspots of biodiversity may offer further insight about the maintenance of hybrid zones
and how novel adaptive phenotypes may arise and persist.
Heliconius butterflies display a remarkable degree of adaptive variation in their
wing color patterns throughout the Neotropics (15-17). Wing color patterns of Heliconius
are used as signals to warn predators of their toxicity (15, 17). A larger abundance of
individuals sharing a given warning coloration, provides a more effective signal to local
predators (i.e., positive frequency-dependent selection); therefore, multiple species of
prey may share the same aposematic coloration, as well as the cost of educating predators
(i.e., Müllerian mimicry) (18-20). Heliconius are one of the best-known Müllerian
mimicry systems, particularly among races of H. erato and H. melpomene that have
approximately 30 different mimetic pairs throughout Central and South America (21-23).
Furthermore, numerous mimicry rings composed of Heliconius and other Lepidoptera
(e.g., Ithomiine, Euiedes, etc...), can be found at the same localities (24-26). Such a large
diversity of local aposematic forms seems counterintuitive, as selection should favor
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monomorphism for Müllerian mimicry to be effective, presenting the question of how
wing color pattern diversity is generated and established (16, 18, 27).
Hybridization is extensive among Heliconius species and is likely accountable for
at least a portion of the astounding diversity of wing patterns presented in the genus (28).
When differently colored species or races of Heliconius meet, the formation of hybrid
zones maintained by frequency-dependent selection against rare forms is common (15,
29, 30). To understand more about Heliconius contact zones, analysis of color pattern
clines has been employed to estimate cline widths, dispersal, and selection coefficients
(31-33). Clines between populations at initial stages of divergence tend to be broader,
while selection coefficients tend to be lower; the opposite is often found for clines amid
populations further along the speciation continuum (30, 34-36). In most, if not all cases, it
is assumed that Heliconius hybrids are at a selective disadvantage in contact zones, yet
very few empirical studies have been used to assess how hybrid and pure color pattern
forms fair within the central region of a hybrid zone (15, 29, 32, 33, 37). Reciprocal
transfer experiments and cline analysis have demonstrated strong selection in pure areas
on either side of a H. erato hybrid zone in Peru (29, 32). However, the selection
dynamics in areas with intraspecific polymorphism in warning colorations, such as inside
Heliconius hybrid zones, is largely unknown (see Chapter 2).
Novel adaptive traits are more likely to arise in areas with reduced selection. Prey
have been known to exhibit more variation in traits such as body size, predator evasion
behavior, and coloration due to local reduction or extinction of predators (i.e., predator
release) (38, 39). Relaxed selection was supported in a polymorphic poison dart
population in an area between distinct (phenotypically and geographically) monomorphic
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populations (40). The reduction in selection in this area, is more likely due to lower
predator densities rather than a difference in predator composition (40). Recently, high
survival of native hybrid and parental forms, as well as non-native altered forms, were
found within a H. erato hybrid zone in French Guiana, suggesting that novel warning
colorations can establish here (Chapter 2).
The H. erato hybrid zone in French Guiana is formed by two divergent color
pattern races, H. e. erato and H. e. hydara, which extends throughout the northern part of
the country (25, 41, 42) (Figure 2.1). Wing color patterns across this transition zone are
largely dictated by allelic variation at two unlinked Mendelian loci, D and Sd, the first of
which controls the presence or absence of red color patterning on the wings, and the other
is responsible for the shape of the forewing band (i.e., the distal portion of non-black
color on the forewing) (Figure 1.1 & Appendix A) (42-45). Nine different color pattern
forms are present here - two pures (H. e. erato and H. e. hydara) and seven hybrid forms
(Figure 2.2). The color pattern transition from H. e. hydara to H. e. erato in the "Cayenne
area," appears to associate with a gradient from low to high land cover (42). The color
pattern clines were estimated to be 20.2 km (17.9-23.1) and 23.1 km (20.6-26.3) wide for
D and Sd respectively, and selection coefficients for each locus were relatively high (sD 
0.31 and sSd  0.24) and similar to values procured in other H. erato hybrid zones, such as
in Peru (sD  0.33, while sSd  sCr  0.15) (32) (Chapter 2).
In northeastern Suriname, H. e. erato and H. e. hydara meet with a third race, H.
e. amalfreda (46-48). This tri-race area of the H. erato hybrid zone, contains 15 different
warning color forms (6 more than French Guiana), and has existed for at least 2,500
generations (46, 49) (Figure 2.2 & 4.1). H. e. amalfreda is a putative hybrid race, given
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that it possesses wing pattern characteristics of both H. e. erato and H. e. hydara (Figure
2.1). The hybrid phenotype of H. e. amalfreda appears to result from intralocus
recombination at the D locus, where the regulatory regions controlling the presence of the
dennis (i.e., the proximal non-black region of forewing) and the forewing band color, has
been inherited from H. e. erato, and the absence of rays on the hind wing from H. e.
hydara (43, 45). As for the Sd locus, H. e. amalfreda has the broken forewing band
phenotype identical to H. e. erato (43, 44). If H. e. amalfreda does have hybrid origins,
then it should have a more recent divergence time relative to H. e. erato and H. e. hydara
(i.e., the putative parental races), and therefore warning color clines should be broader at
the transition where the distributions of the three races overlap (i.e., tri-race area) (30).
Color pattern cline analysis has not been used to estimate cline widths for the H. erato trirace area in Suriname; however, Turner (1971) conservatively estimated the hybrid zone
of the co-mimic H. melpomene in the same region to be no broader than 50 km. There
have been no studies in Suriname to determine if there is an association with wing color
variation and an environmental gradient, as was shown in French Guiana (42).
Nevertheless, H. e. hydara have been collected more frequently in savannah-like areas,
and H. e. amalfreda and H. e. erato more so in forested regions (41, 42). In addition,
there have been no selection estimates completed for the Suriname tri-race area or any
transect across the H. erato hybrid zone between there and Cayenne, French Guiana.
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Figure 4.1

Six additional color pattern forms in Suriname tri-race area.

Color locus (D) genotypes are on the x-axis of the squares and the shape locus (Sd)
genotypes are on the y-axis. H. e. amalfreda (amalfreda) is found in the orange square;
The F1 between amalfreda and H. e. hydara (hydara) is shown in blue; and 4 F2
amalfreda x hydara hybrid forms are in light blue. Note that the forms with a dd genotype
for the D locus are not included in the figure. These 3 forms are not unique to the tri-race
area and are shown in Figure 2.2.
For this study, our aims were to 1.) characterize the color pattern transition and
estimate selection across the H. erato hybrid zone in the tri-race area of Suriname and a
bi-race area near Kourou, French Guiana; 2.) compare the selection dynamics (cline
widths & selection coefficients) of the Suriname transition to Kourou and the previously
characterized transition in the Cayenne area of French Guiana. To carry out these aims,
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we completed cline analysis using the 'hzar' package in R (50); whereby, the cline width
of each color pattern locus was estimated. Subsequently, selection coefficients were
calculated and compared between the three areas of the H. erato transition zone. We
predict color pattern clines will be broader and selection coefficients lower in Suriname
than in French Guiana since there are three distinct populations (i.e., ecologically
divergent color pattern races) that overlap. Additionally, H. e. amalfreda is a suspected
hybrid race, which suggests they would have a more recent divergence time and wider
clines between them and their parental races. If we find that the color pattern transition is
wider in the tri-race area of Suriname, then it indicates that this transition area is
maintained by weak selection in pure zones on either side, which may be conducive to
the survival of novel and diverse aposematic forms.
Materials and Methods
Sampling
For this study, Heliconius erato individuals were collected across transects near
Paramaribo, Suriname and Kourou, French Guiana (Figure 4.2). The Paramaribo area
included the Wanica, Para, and Brokopondo districts in northeastern Suriname, and the
Kourou area included the territory spanning from Kourou to Sinnamary, south to the
Petit-Saut Dam (Figure 4.2). Collection of H. erato occurred in Suriname from Oct. to
Nov. of 2012 and August 2014 in the Kourou area. Samples from a transect across the
Cayenne area of French Guiana from a previous study were also included in this study to
make direct comparisons of cline and selection estimates between the three transects
(Figure 4.2) (for further details of sampling across the Cayenne transition area, see
Chapter 2).
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Figure 4.2

Sampling locations across tri- and bi-race areas of hybrid zone.

The Paramaribo area of Suriname contains the collection locations for the tri-race portion
of the H. erato hybrid zone. The Kourou and Cayenne areas of French Guiana illustrate
sampling locations across bi-race portions of this contact zone.
Individuals from all three areas were captured with aerial nets, placed in glassine
envelopes, and stored on ice until they were processed for DNA preservation. During the
preservation process, wings are excised and kept in glassine envelopes and bodies are
stored in a 20 percent DMSO, NaCl saturated solution, at 4°C or below.
Genotyping and geographic distance
Genotypes at the two major wing color pattern loci that segregate across the H.
erato, Guiana Shield hybrid zone (D and Sd), were determined using a set of genotyping
criteria (Appendix A). Each individual was classified as H. e. hydara (dd, sdsd), non- H.
e. hydara (H. e. erato: DD, SdSd & H. e. amalfreda: DaDa, SdSd), or a hybrid. This
system of classification was used in order to have bi-allelic genotypes and to readily
compare the Paramaribo area of Suriname to the Kourou & Cayenne areas of French
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Guiana. Individuals were also classified this way, since H. e. amalfreda and H. e. erato
have the same Sd allele, and H. e. amalfreda x H. e. erato D locus heterozygotes cannot
easily be distinguished from H. e. erato phenotypically. For a detailed description of the
pure and hybrid phenotypes, and the criteria used for determining color pattern locus
genotypes, see Appendix A. Once the genotypes of all individuals were ascertained,
allele frequencies for each locus were determined for every collection location.
To produce observed clines (i.e., observed allele frequencies by geographic
distance along transect), we measured the geographic distances of the collection locations
to the coastline, using the "near" function in GIS ArcMap 10.1 (51). Coordinates for the
collection sites were imported into the "countries map" in GIS ArchMap 10.1 (51), and a
polyline that approximated the coastline was drawn near each transition zone area (i.e.,
Paramaribo & Kourou). The polylines and the collection sites "shapefile" were converted
to a WGS 1984 UTM projected system (zone 21N for Suriname & zone 22N for French
Guiana), using the "project" function. The distance in kilometers was then measured
along perpendiculars from the collection sites to a polyline using the "near" function,
which linearized the data across each of the transition zone areas.
Estimation of cline width and selection
In order to evaluate the transition in color pattern across each area of the hybrid
zone (i.e., Paramaribo & Kourou), cline analysis was performed. The widths of the color
pattern clines were estimated with the R package 'hzar' following the methods of
Derryberry et al. (2014) (50, 52, 53). The Metropolis-Hastings Markov chain Monte
Carlo (MCMC) algorithm was used to fit the observed data (observed cline) to a hybrid
zone model (i.e., cline model from (11)) (52, 54, 55). Estimates of cline width and center
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parameters, along with the respective ninety-five percent confidences for each parameter,
were then extracted from the fitted cline model (i.e., the maximum likelihood cline).
Ninety-five percent confidence intervals for a given parameter are approximately
equivalent to two log-likelihood units from the maximum likelihood estimate for that
parameter (50, 52).
Selection coefficients were approximated using cline width estimates for a given
area (i.e., Paramaribo & Kourou), the dispersal estimates from the Cayenne area of
French Guiana (5.42 km, Chapter 2), and the following equation.
𝑘𝜎

𝑠 ∗ = ( )2
𝑤

(4.1)

Where σ is dispersal, w is cline width, and k is a constant that depends on the type
of selection sustaining the hybrid zone (56, 57). Here, we use k= 1.732 for extrinsic
selection on either side of an ecotone for codominant loci.
Hardy-Weinberg Equilibrium and heterozygote deficit
To further characterize the transition of warning coloration across the Paramaribo
and Kourou areas of the hybrid zone, we calculated departures from Hardy-Weinberg
Equilibrium (HWE) and heterozygote deficit. For each collection location in a given
transition area, genotypic counts per locus were used to perform Chi-squared tests for
HWE, which were completed with the R package 'HardyWeinberg' (58). The extent of
deviation from HWE across color pattern clines was ascertained via plotting distance
from coast by Chi-squared test P-values for each sampling location. Heterozygote deficit
(F) was calculated via F = 1 - (obs/exp), where observed heterozygosity (obs) is based on
converting genotypic counts to genotype frequencies, and expected heterozygosity (exp)
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is simply 2pq. The heterozygote deficit for a respective locus at each collection location
was then plotted by distance to evaluate the differences in F across the hybrid zone. This
was completed for both the Kourou and Paramaribo transition areas of the hybrid zone.
Results
Warning color clines in tri- versus bi-race transitions
Color pattern clines were much wider in the tri-race area of the hybrid zone
relative to the bi-race transitions. 357 individuals from 113 locations were employed to
estimate cline widths for color pattern loci across the Suriname tri-race area, and 103
individuals from 16 locations for the Kourou bi-race area of French Guiana. Average
allele frequencies for color pattern loci were determined among individuals at a given
collection location; then, the allele frequencies at those locations were plotted by distance
from the coast (km) and fit to geographical cline models in R. Cline widths for the
Suriname transition were 73 km (62.1-90) and 71.8 km (59.4-95.8) for D and Sd loci,
respectively (Figure 4.3). As for the Kourou transition, clines were 16.5 km (14.6-25.6)
for the D locus and 25 km (19.7-35.9) for Sd (Figure 4.3). Color pattern clines are more
than three times broader in the Suriname area than either of the two French Guiana
transitions (Cayenne: 20.22 km [17.89-23.07] for D, and 23.14 km [20.64-26.25] for Sd,
Chapter 2). Similarly, selection coefficient estimates are ten-fold lower across the
Suriname transition (sD  0.0165 and sSd  0.0171), than in French Guiana (Kourou: sD 
0.324 and sSd  0.141; Cayenne: sD  0.31 and sSd  0.24, Chapter 2), which reflects the
large differences in cline widths between these two transition areas.
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Figure 4.3

Color pattern clines across a tri- versus a bi-race area.

Panels A & C depict the color pattern clines for the Suriname tri-race area; and panels B & D, show the clines for the Kourou bi-race
area of French Guiana. For each color pattern locus, allele frequencies at a given collection location are plotted against distance from
the coast (i.e., observed data). This is represented by blue circles in panels A & B (color locus D) and orange circles in panels C & D
(shape locus Sd). Red curves illustrate simulated clines fit to the observed data using maximum likelihood. The amount of uncertainty
around the model predictions is shown with gray shaded area in each plot. Locus specific estimates of selection (s) and cline widths
(w) (with associated support limits) are provided inside the box found in the upper left of panels A & C, and the lower right of panels
B & D.
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There were similar cline widths for multiple bi-race transitions along the hybrid
zone. The width estimates of color pattern clines for the Kourou and Cayenne areas of
French Guiana fall with the ninety-five percent confidence intervals of one another
(Kourou: D = 16.5 km [14.6-25.6], Sd = 25 km [19.7-35.9]; Cayenne: D = 20.22 km
[17.89-23.07], Sd = 23.14 km [20.64-26.25]). Confidence intervals for cline width
estimates are larger for Kourou than Cayenne, likely reflecting a difference in sample size
between the two areas. Selection coefficients for color pattern loci in the Kourou area
were similar to the estimates for Cayenne (Kourou: sD  0.324 and sSd  0.141; Cayenne:
sD  0.31 and sSd  0.24, Chapter 2).
In both Suriname and Kourou, departures from Hardy-Weinberg Equilibrium
(HWE) and heterozygote deficit (F) did not increase towards the center of the hybrid
zone, as is expected under "tension zone" models (Figure 4.4, 4.5, & 4.6). In fact, there
was not a consistent increase or decrease of departure from HWE, or F, for either D or Sd
across both transitions (Figure 4.4, 4.5, 4.6). Alternatively, F and departures from HWE
did increase for both loci (particularly the D locus) towards the center of the transition
zone in the Cayenne area (Figure 2.5 & 2.6). There was greater departure from HWE for
the locations between the center of the clines and the coast in Kourou (Figure 4.6).
Though, the only significant departure (due to heterozygote excess) for the D locus was
for a location near 4 km, and 35 km for the Sd locus (Figure 4.6). Furthermore, there was
an excess of heterozygotes for all collection locations except one (for Sd) in Kourou
(Figure 4.6). The greatest difference in heterozygote deficit was found near 10-12 km, for
both D and Sd (Figure 4.6).
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Figure 4.4

Departure from equilibrium across color locus (D) transition in tri-race area
of Suriname.

For the color locus (D) at collection locations, heterozygote deficit (F) and P-values from
Chi-squared tests for Hardy-Weinberg Equilibrium (HWE) (y-axis), are plotted by
distance from the coast (x-axis). This is represented by blue circles in the plots. Panel A
& C include un-binned collection locations, while B & D contain locations binned by half
the dispersal distance of H. erato in the hybrid zone (2.71 km). In panels A & B, any
location (blue circle) below the dotted line is considered to have a significant departure
from HWE (P < 0.05). In panel C & D, the further locations are above zero the larger the
heterozygote deficit, and the further below zero, the greater the heterozygote excess. The
solid gray line in panels C & D designate zero.
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Figure 4.5

Departure from equilibrium across shape locus (Sd) transition in tri-race
area of Suriname.

For the shape locus (Sd) at collection locations, heterozygote deficit (F) and P-values
from Chi-squared tests for Hardy-Weinberg Equilibrium (HWE) (y-axis), are plotted by
distance from the coast (x-axis). This is represented by orange circles in the plots. Panel
A & C include un-binned collection locations, while B & D contain locations binned by
half the dispersal distance of H. erato in the hybrid zone (2.71 km). In panels A & B, any
location (orange circle) below the dotted line is considered to have a significant departure
from HWE (P < 0.05). In panel C & D, the further locations are above zero the greater
the heterozygote deficit, and the further below zero, the larger the heterozygote excess.
The solid gray line in panels C & D designate zero.

75

Figure 4.6

Departure from equilibrium across color pattern clines in bi-race area,
Kourou, French Guiana.

For each color pattern locus at collection locations, heterozygote deficit (F) and P-values
from Chi-squared tests for Hardy-Weinberg Equilibrium (HWE) (y-axis), are plotted by
distance from the coast (x-axis). This is represented by blue and orange circles for the D
and Sd locus, respectively. In panels A) & B), any location (blue or orange circle) below
the dotted line is considered to have a significant departure from HWE (P < 0.05). In
panel C) & D), the further locations are above zero the larger the heterozygote deficit,
and the further below zero, the greater the heterozygote excess. The solid gray line in
panels C & D designate zero.
Co-mimic composition
There was a greater abundance and richness of H. e. amalfreda co-mimics in the
tri-race area of Suriname than either of the bi-race areas sampled in French Guiana. In the
Paramaribo area, 17 H. e. amalfreda co-mimics were captured, relative to 357 H. e. erato
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(40 of which were H. e. amalfreda). Of those 17 individuals, 15 were H. melpomene
meriana, one H. egeria, and one Neruda aoede. In addition, 10 H. melpomene with a
different forewing band (FWB), but otherwise a similar wing pattern to H. e. amalfreda
(i.e., red/orange dennis and no rays), were captured in the Paramaribo area.
Representative individuals of the H. e. amalfreda mimicry ring (i.e., broken
yellow FWB, red/orange dennis, and no rays) are rare in the Kourou and Cayenne areas
of French Guiana. However, these individuals are much more rare near Cayenne (further
east from tri-race area) than Kourou (Kourou: 2 H. e. amalfreda co-mimics versus 103 H.
erato captured; Cayenne: 3 H. e. amalfreda mimics versus 1,427 H. erato captured). No
H. e. amalfreda individuals were captured in any French Guiana location sampled. Two
different species of H. e. amalfreda co-mimics were captured from both Kourou and
Cayenne: one H. melpomene meriana was captured in both areas; one H. egeria
christiani (or possibly Heliconius lalitae) was collected from Kourou; and two H. burneyi
catharinae were captured from Cayenne. There was also one H. m. melpomene x meriana
individual that resembled a H. e. amalfreda red pattern (solid red FWB, red dennis, no
rays) collected in both the Kourou and Cayenne areas.
Discussion
The study of hybrid zones between two distinct populations has uncovered much
about the nature of selection involved in adaptation. Yet, very little is known about
selection in transition zones composed of more than two divergent populations, and what
this means for the establishment of new adaptive/hybrid phenotypes. Here we
characterized and compared the selection dynamics of a transition area with greater
warning color diversity (i.e., tri-race area in Suriname), to less color pattern rich areas
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(i.e., Kourou & Cayenne bi-race areas of French Guiana) along the same hybrid zone. We
revealed that the warning color clines are more than three times wider in the tri- versus
the bi-race areas of the hybrid zone, which corresponded to much lower selection
coefficients for color pattern loci.
According to hybrid zone theory, the greater the width of a cline relative to
average dispersal distance, the weaker selection is likely to be, especially if transition
zones are much broader than maximum dispersal estimates (4, 5, 11, 33, 57, 59). In
Heliconius, average dispersal distance ranges from 3-10 km (60). An average dispersal
distance of 5.42 km was estimated for the Cayenne area, and ~12.5 km was the greatest
observed dispersal distance of any individual (Chapter 2). Therefore, a maximum
dispersal distances of ~12.5 km and cline widths of ~70 km in Suriname, provides
evidence of weak selection maintaining warning color clines on either side of the hybrid
zone. The low selection coefficients (s < 0.1 (32)) for the Suriname color pattern
transition support this and suggests that the mean fitness of populations on the sides of
the zone are similar to the average fitness of the populations near the center (57, 61).
Released selection pressures in zones of hybridization
Predator behavior near the middle of the hybrid zone may be responsible for weak
selection on wing color patterns. Highly visual predators, like birds, are known to be the
most likely agents of frequency-dependent selection acting on aposematic colorations
(19, 62-66). Birds vary in their discriminatory ability, as well as their capacity to
remember warning color patterns (19, 65, 67-71). As the number of aposematic color
forms increases, foraging efficiency presumably decreases, which may lead predators to
focus on more profitable prey items (i.e., clearly palatable prey items), or cue in on
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different aposematic signals (72-78). Of the known predators of Heliconius - tanagers,
jacamars, motmots, and flycatchers - jacamars are considered the most likely selective
agent acting on wing coloration in the genus (19, 66, 79-81). However, jacamars feed on
many other genera of butterflies, as well as dragonflies, beetles, and other insects (66, 82,
83). Once local warning patterns in one taxon become too diverse, foraging efficiency
may plummet and force jacamars to seek out other available prey items (74-78); likewise,
predators may cue in on wing shape or flight behavior of butterflies instead of color
pattern (72). This explanation is especially fitting for Heliconius hybrid zones and for the
tri-race area of Suriname specifically. Although there can be multiple mimicry rings that
overlap in pure zones, and thus multiple color patterns, those areas lack the new and
diverse forms that are continually being generated at the centers of hybrid zones (24, 25).
Consequently, predators perhaps concentrate on other signals or prey within transition
zones like in Suriname, where such a vast array of warning color patterns exist, and could
corroborate evidence of weak selection.
Predator release may be responsible for relaxed selection on warning color pattern
at any point across transitions areas. When one or several predator species experience
reduced density or local extinction, selection on traits of prey used to evade predators can
be relaxed (38-40). In a recent study of predation on lizards, the mean and variance of
key traits involved with predator evasion was shown to be considerably different in the
insular populations where predators were absent, relative to mainland populations where
predators were present (39). In a H. erato hybrid zone in Peru, Mallet & Barton (1989)
mention that there was a significant difference in survival between local and foreign
warning color patterns at sites where multiple jacamars were observed, and not
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significantly different at sites where one or no jacamars were viewed (29). In Suriname,
only one jacamar was sighted (out of 113 collection sites visited), where in the Cayenne
area of French Guiana, several pairs and species of jacamars were viewed. In addition,
although silver-beaked tanagers and flycatchers were viewed in both French Guiana and
Suriname, motmots were only observed in the Cayenne area. Greater anthropogenic
influences (e.g., burning near roads/power lines and many small villages) were observed
in the tri-race area relative to the bi-race areas, and may have also altered or diminished
the local predator population. Low predator density may therefore have contributed to the
increased diversity of H. erato warning colorations found in Suriname (38, 39). Studies
focused on predator diversity across Heliconius hybrid zones would provide us with a
more clear understanding of selection on warning color patterns.
Is a mosaic nature of the tri-race area responsible for wide warning color clines?
Weak selection is not the only explanation for broad hybrid zones; the amount of
environmental heterogeneity and the ecological differentiation of the parental populations
composing a transition zone can have a large influence (8). In mosaic hybrid zones, wide
clines commonly result from the patchy distribution of the parents and increased
population structure (8). For example, wide clines have been found across a number of
different cricket mosaic hybrid zones (e.g., field and ground cricket zones), where the
environment is heterogeneous and parent populations are adapted to different habitats (8,
84). In addition, Vines et al. (2003) studied a zone where genotype frequencies did not
transition rapidly across a steep gradient as in other fire-bellied toad hybrid zones; this
particular transition was a mosaic and clines were broader (85).
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Clinal variation has been shown consistently in Heliconius hybrid zones and
transitions are often narrow (15, 17, 30); however, there are some characteristics of the
genus, and the tri-race area of Suriname specifically, that are in accordance with mosaic
zones. Numerous Heliconius species are found in disturbed areas (24, 86-88), and mosaic
hybrid zones may be more common for species that are restricted to disrupted habitats
(8). The Suriname tri-race area seemed more disturbed than the Cayenne area of French
Guiana. For instance, small villages were much more prevalent along roads where
collections were made and people were encountered frequently when collecting.
Additionally, beside roads and trails there was rampant evidence of fire employed for
management purposes, occasionally followed by the placement of livestock to reduce regrowth. These anthropogenic influences may have contributed to the patchy distribution
of Heliconius (relative to the Cayenne area) that was observed in the Suriname area and
impacted the heterogeneity of the environment (89-92). Furthermore, Benson (1982)
described the Guianas as a heterogeneous landscape, that seems associated with a patchwork of soil types and a divided topography (41). Therefore, wide color pattern clines
shown in Suriname could reflect historical habitat mosaics described by Benson, as well
as the increased anthropogenic activities that we observed here.
There is a series of evidence that suggests the tri-race area falls under a gradient
model, despite having a few mosaic-like qualities (8):
1.) In Suriname, there was not an increase in disequilibrium towards the center of
the hybrid zone as there was in the Cayenne area. This suggests there may be greater
population structure in Suriname, which is a common characteristic of mosaic hybrid
zones (8). However, there were not significant departures from Hardy-Weinberg
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equilibrium for the vast majority of collection locations, which has been shown in mosaic
hybrid zones (93). For example, there were significant HWE departures for individual
loci of all populations and time periods sampled, in a mosaic cricket hybrid zone (93).
2.) A patchy distribution of Heliconius in Suriname, does not necessarily mean
that there were patches of pure H. erato races in different proportions across the
transition zone. In fact, there were few collection locations in the hybrid zone where a
pure race dominates; and H. e. hydara were particularly few, considering only two were
collected throughout a vast area of hybrids (from 60 km to 100 km from the coast).
3.) Although H. e. amalfreda and H. e. erato are commonly found in forested
regions, and H. e. hydara in savannah-like habitats, there is no evidence that those
habitats are preferred by any of the respective races (41, 42). Furthermore, in French
Guiana the color pattern transition was associated with a gradient of land cover change
(i.e., an open-savannah to forest ecotone), not an environmental mosaic (42).
Based on this study, there is limited support that the Suriname transition is a
mosaic zone; however, further analysis should be conducted across the hybrid zone in
Suriname to explore the possible association between color pattern and the environment.
The origin of H. e. amalfreda
The selection dynamics that permit newly arising hybrid lineages to survive and
persist in nature is a subject of much conjecture (5, 6, 94-98); although, what has been
uncovered about the putative hybrid race H. e. amalfreda (amalfreda) may provide some
valuable insights. Hybridization has been implicated as an important generator of new
wing color pattern forms and species in Heliconius butterflies (28, 99-103). Amalfreda,
like other putative hybrid races/species of Heliconius, possess color pattern
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characteristics of both of their proposed progenitors (i.e., H .e. erato & H. e. hydara),
which at least phenotypically supports a hybrid origin (99, 100). However, an admixed
phenotype alone is not sufficient to support a hybrid origin, as there needs to be evidence
of how the new form may have established and maintained their distinctiveness from
their parents (36, 99, 100, 103-106).
The establishment of new Heliconius forms may be facilitated by an initial period
of reduced selection, whereby drift can increase the frequency of the nascent hybrid form,
and subsequently be driven to fixation by selection (16, 27, 99, 103). Mark-resight and
communal roost studies within the H. erato hybrid zone in French Guiana, support
relaxed selection on wing color pattern (Chapter 2 & 3). In fact, we specifically
demonstrated that the amalfreda color pattern phenotype can survive, and likely establish
inside the zone of hybridization (Chapter 2 & 3). Though, strong frequency-dependent
selection in the pure zones appears to maintain color pattern clines across the Cayenne
and Kourou transitions (Chapter 2), as has been shown for other Heliconius hybrid zones
(29, 32). These particular selection dynamics within and on either side of the hybrid zone
could have set the stage for the nascent amalfreda lineage to persist. Yet, how was
amalfreda able to remain distinct from their progenitors and eventually spread their
range, despite being bounded by strong frequency-dependent selection on either side of
the hybrid zone? Also, why would the amalfreda hybrid form have spread versus other
hybrid forms produced from H. e. erato (erato) x H. e. hydara (hydara) crosses?
Weak selection maintaining clines may play an important role in the persistence
and spread of hybrid lineages and adaptive traits. The results of this study suggest that
selection on warning color pattern is low on either side of the tri-race transition area in
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Suriname. Perhaps weak frequency-dependent selection was needed for the establishment
of the H. e. amalfreda color pattern and to extend its distribution beyond the hybrid zone
where it originated.
Since H e. amalfreda x erato hybrids are not easily distinguishable from pure
erato based on color pattern phenotype (43), amalfreda alleles may be protected in the
heterozygotes. If H e. amalfreda x erato hybrids are protected, this would have increased
the likelihood of establishment and allowed amalfreda alleles to spread further into the
range of erato. Today, there is much more overlap in the distributions of H. e. erato and
H. e. amalfreda than we see with H. e. hydara and H. e. amalfreda (25, 47), which is in
accordance with H. e. amalfreda alleles being protected in the heterozygotes (H. e.
amalfreda x erato).
Moreover, new aposematic color pattern forms, such as the amalfreda form, are
more likely to establish in an area where co-mimics occur (16, 18, 20). Presently, several
co-mimetic species of the amalfreda warning pattern can be found in the Guiana shield.
(25). The presence of a co-mimic would greatly enhance the probability that a new H.
erato with an amalfreda form could establish, since local predators would already be
familiar with and avoid the color pattern (16, 18, 20). However, the timing and location
of origin of the amalfreda form in H. erato remains unknown and requires a population
genomics approach to reconstruct the evolutionary history of the co-mimics.
The establishment of a novel hybrid form, like the amalfreda morph that
putatively originated from hybridization, can also be facilitated through mate choice and
ecological divergence in other traits. In Heliconius, hybrid zones between species often
occur at ecotones and in some cases there can be clear environmental differences between
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hybridizing races. For instance, the distribution H. e. hydara appears to correlate with
open savannah habitats that may reflect that the hydara pattern is a more effective
warning signal in these environments, giving H. e. hydara a competitive edge over other
H. erato forms in such areas (42, 110). In addition, mate preference for an ecological
divergent trait, such as warning color, could also dramatically influence reproductive
isolation of new hybrid forms from the parentals, especially if the genetic basis for the
trait and preference are tightly linked (100, 101, 103, 107-109). Again, further genetic
studies of H. e. amalfreda would be needed to determine if mate choice, and/or
divergence in other ecological traits may have influenced the establishment H. e.
amalfreda.
Conclusions
In this study, we demonstrate that warning color clines are much wider across trithan bi-race areas of a hybrid zone. Our findings suggest wide clines result from weak
selection on either side of the hybrid zone; however, additional studies are needed to
determine the degree of environmental heterogeneity across this zone of hybridization,
and if there is an association between habitat and warning color pattern. It is not clear
why frequency-dependent selection would be weak on aposematic coloration at any point
across a hybrid zone, but perhaps is related to the release of predation pressures. In any
case, this study has provided additional insight into the origin of a putative hybrid race
(H. e. amalfreda), and aided our understanding of the selection dynamics that facilitate
the establishment and persistence of adaptive/hybrid traits.
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CHAPTER V
CONCLUSION

The purpose of this research was to understand more about the generation and
maintenance of adaptive traits by examining the pattern of selection across hybrid zones.
Although hybrid zones have long been used to study the processes of hybridization and
adaptation, we know very little about the nature and strength of selection inside these
zones, and the probability that new hybrid forms can establish.
Here, I tested the hypothesis that reduced frequency-dependent selection within
Heliconius hybrid zones facilitates the survival and establishment of novel warning color
forms. This hypothesis was strongly supported by my mark-resight study in French
Guiana (Chapter 2). Mark-recapture/resight studies have been used previously to measure
predation/frequency-dependent selection acting on warning color forms in a variety of
aposematic taxa, such as frogs and butterflies (1-4). In Heliconius, these studies often
support strong frequency-dependent selection against novel, rare aposematic forms in
areas where a given species displays warning color monomorphism (1-3). For example,
this has been shown on the sides of Heliconius hybrid zones (1). However, I applied a
mark-resight approach to investigate hybridization and hybrid zones from a unique
perspective, by completing this study near the center of a H. erato contact zone in French
Guiana. Inside the zone, an experimentally manipulated form resembling a putative
hybrid (H. e. amalfreda) had a similar probability of establishment and life expectancy as
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native morphs (i.e., native pure and hybrid forms), which suggests that new forms are
likely to persist, and that positive frequency-dependent selection may not be as strong as
previously thought in Heliconius hybrid zones.
Additional support for weak selection within the hybrid zone was provided by
observations of communal roosts (Chapter 3). Communal roosting behavior is common in
aposematic butterflies, and often evidenced to serve an adaptive purpose, such as predator
dilution or a beneficial microhabitat (5-12). Recently, evidence of greater attacks on
artificial Heliconius models in roosts with one model than in aggregations, suggests that
communal roosting behavior serves as an anti-predator defense in the genus (13). Here, I
applied a novel approach whereby observations of H. erato roosts were completed inside
the hybrid zone in French Guiana to examine differences in the presence and persistence
of various wing color patterns (i.e., hybrid, pure, and foreign forms). A large diversity of
aposematic forms were observed at roosts, including experimentally manipulated
individuals resembling H. e. amalfreda (i.e., a rare putative hybrid form). Additionally,
there were similar proportions and high occurrences of hybrid, pure, and manipulated
forms at the roosts, which provided further evidence that new warning colorations are
capable of establishing inside a contact zone.
It is important to understand that ecological pressures can vary greatly across a
zone of hybridization, and that selection can be very different at the edges of the hybrid
zone versus the center (14-17). In chapter two, I not only estimated selection near the
middle of a hybrid zone, but employed analysis of color pattern clines to measure
selective pressure in phenotypically pure areas on the sides of the same contact zone.
Collectively, cline analysis results from French Guiana and other Heliconius hybrid zones
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have provided evidence that there is strong selection against rare forms on the edges of
these zones (18-20). This strong selection on the sides of the hybrid zone, may explain
why despite apparently low selection near the center, there is not a large hybrid swarm in
French Guiana, and could clarify why the zone has been stable for so long. Conversely,
weaker selection than previously proposed may be sufficient for the maintenance and
stability of Heliconius hybrids within transition zones.
In chapter four, evidence is provided that weak frequency-dependent selection
may be maintaining a long-standing tri-hybrid zone in the Guiana Shield. Tri-hybrid
zones are particularly ideal for studying the generation of biodiversity, as these areas
have the potential to generate a greater number of allelic combinations and adaptive
phenotypes. Furthermore, tri-hybrid zones are expected to produce geographic mosaics of
hybridization that generate population structure and facilitate the maintenance of multiple
adaptive variations (15, 21, 22). Therefore, I completed cline analysis of a warning color
transition across a tri-race area of the H. erato hybrid zone in the Guiana Shield. The
color pattern clines in this area (i.e., Suriname) were three times wider than the bi-race
areas in French Guiana, and selection coefficients were a magnitude lower. This suggests
that selection is much lower on the sides of the tri-hybrid zone. However, wide clines
could be an artifact of increased population structure from three distinct populations
converging, and/or more habitat heterogeneity (15). Future exploration of environmental
heterogeneity across hybrid zones, coupled with phenotypic and genotypic data, should
be completed to better understand the ecological pressures driving the evolutionary
diversification of these races.
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Although Heliconius hybrid zones have been studied extensively, the
investigations of this dissertation have offered a new way of thinking about zones of
hybridization and the origin of adaptive forms. There has been a tendency to consider
hybrid zones as sinks, where there is strong selection against hybrids and population
densities are very low near the center (16, 23, 24). Alternatively, there are zones of
hybridization where hybrids have greater fitness than their progenitors and are more
likely to establish (25-27). Here, I demonstrated that survival rates and likelihood of
establishment of pure, hybrid, and non-native forms are similar inside a hybrid zone.
Therefore, new hybrid forms would presumably persist in these areas of reduced
selection where they and their progenitors have comparable fitness. Importantly, as a new
hybrid lineage persists, it can likely continue to hybridize with nearby populations, which
could generate even greater genetic admixture and perhaps the generation of additional
novel aposematic forms. Furthermore, since most Heliconius participate in Müllerian
mimicry rings that consist of other Lepidopteran genera (12, 28, 29), the establishment of
a new warning coloration can have effects at the community level. Consequently, my
research highlights the need to identify and further examine hybrid zones where there is
similar fitness between intermediates (i.e., hybrids) and their progenitors.
Overall, the results of this dissertation suggest that selection dynamics of hybrid
zones may play a key role in the production and establishment of new adaptive traits,
making hybrid zones potential hotspots for generating biodiversity. These dynamics may
not have only contributed to the adaptive radiation of Heliconius butterflies, but to the
diversification of aposematic forms in poison-dart frogs. In Peru, there is a mosaic of
intraspecific warning color forms that appear to be maintained by spatially localized
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selection (22, 30). Weak predation has been evidenced in zones with a diversity of
aposematic forms, and strong selection has been indicated in monomorphic areas on
either side (30). Although selection has not been estimated near the center of a poisondart frog hybrid zone, there are hybrid zones that contain polytypism in warning
coloration in this same region of Peru (31), and selection may be reduced there.
Additionally, some of these hybrid zones are as wide as seven kilometers (31), which is
much broader than the dispersal ability of a poison-dart frog (32). This suggests that
selection maintaining such zones is weak, and/or there is a profusion of population
structure (14-17, 24). Clearly, there are similarities between the selection dynamics
maintaining aposematic signals in Peruvian poison-dart frogs and Heliconius in the
Guiana Shield. Thus, there is compelling evidence from very phylogenetically distant,
geographically separated taxa, that the selection dynamics of hybrid zones may permit
the generation and persistence of novel and diverse adaptive traits.
This dissertation not only helps us better understand the establishment of new
warning color forms, but also highlights how certain areas with these selection dynamics
and hybridization can be the origins of adaptive variation. Thereby improving our
understanding of the ecological and evolutionary dynamics of hybrid zones and their role
in the generation of biodiversity.
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APPENDIX A
CRITERIA FOR WING COLOR PATTERN GENOTYPE DETERMINATION IN A
FRENCH GUIANA HELICONIUS ERATO HYBRID ZONE
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H. erato color pattern races
H. e. erato
Wing color pattern genotype: DDSdSd (Figure A.1).
Wing color pattern phenotype: “rayed” (Figure A.1).

Figure A.1

H. e. erato wing color pattern.

Dorsal view of right forewing and hind wing.
H. e. hydara
Wing color pattern genotype: ddsdsd (Figure A.2).
Wing color pattern phenotype: “postman” or “red banded” (Figure A.2).
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Figure A.2

H. e. hydara wing color pattern.

Dorsal view of right forewing and hind wing.
D locus
The D locus controls the expression of the three major red color patterns of H.
erato wings. Those three regions are: the hind wing (HW) rays, forewing (FW) dennis,
and the forewing band (FWB) (Figure A.3) (1-3).
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Figure A.3

Three primary regions of wings where red is expressed.

Shows location of forewing band (FWB), dennis, and rays.
DD
Presence of red rays and dennis, and yellow FWB (refer to Figure A.1).
Dd
Presence of red rays and dennis, and red or red/yellow FWB.


Yellow FWB is co-dominant with yellow and red scales commonly
present (Figure A.4).



The presence of rays and dennis is dominant.
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Dd forewing band (FWB) examples.

Figure A.4

The left panel shows a red FWB. The right panel illustrates a red/yellow FWB.
dd
Lack rays and dennis, but a red FWB is present (Figure A.2).


Rarely, yellow scales are present in the FWB of dd individuals. This may
be associated with the Cr locus (the Cr locus is involved with the presence
or absence of a yellow bar on the hind wings, but also influences yellow of
the FW (3, 4)).
Sd locus

In H. erato, FWB shape is controlled by the Sd locus (2, 3, 5).
SdSd
Broken FWB present (Figure A.5).
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Figure A.5

Broken FWB components.

The non-black components are: the arch (orange), Sc-R2 spots (violet), cell spot (green),
and the Belem spot (red). The discal cell is an important “landmark” of the FW and is
bordered in yellow. The wing veins are highlighted in blue and individually labeled. The
veins are shown to help define the locations of the non-black and black components of
the FW.
“Arch” (i.e., shortened band, in Sheppard et al. 1985): Is a non-black patch at the
distal end of the FWB that spans from vein R2 to Cu1 (Figure A.5).


Black along vein lines is always present in yellow arches on both dorsal
and ventral surfaces of FW.



Black vein lines can also be present with red arches, but the lines are not
as apparent, especially on the dorsal surface of the FW (Figure A.6).
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Figure A.6

Yellow and red arch examples.

(A) and (B) are the dorsal views of a yellow and red arch respectively. (C) and (D)
illustrate the ventral views of a yellow and red arch respectively.
"Belem spot" (3): non-black spot centered in wing cell between veins cu1 and cu2
(Figure A.5).
“Sc-R2 spots”: non-black colored area between Sc and R2 veins.


Non-black color may be present anterior to Sc vein (Figure A.5).

"Cell spot" (3): non-black spot in distal third of the discal cell.


The cell spot is not flush with the distal border of discal cell; black is
present in the distal margin of the discal cell (Figure A.7).

Figure A.7

SdSd and sdsd locations of non-black color in discal cell (ventral view).

(A) is the SdSd FWB with a green rectangle around the cell spot. (B) is a zoom-in of the
SdSd cell spot. (C) is a zoom-in of the non-black region of the sdsd discal cell. (D) is the
sdsd FWB with the non-black portion of discal cell surrounded by a green rectangle. Note
that there is black at the distal end of the SdSd discal cell, while non-black extends all the
way to the distal border of the discal cell in the sdsd FWB.
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“Extra spot”: non-black spot positioned “proximo-posteriorly” to Belem spot,
between Cu2 and A1/A2 vein (Figure A.8).


Figure A.8

An individual can be SdSd whether the extra spot is present or absent.

Extra spot examples (dorsal view).

The extra spot is circled in all 6 FWBs shown. The extra spot can be present in DD (A, B,
& C), Dd (F), dd (D & E), SdSd (A, D, & F), Sdsd (B & E), and sdsd individuals (C).
DDSdSd individuals with extra spot=11.4 % (N = 117). DdSdSd and ddSdSd
individuals with extra spot=97.4 % (N = 77). DDSdsd individuals with extra spot=30.6 %
(N = 49). DdSdsd and ddSdsd individuals w/ extra spot=100 % (N = 113). DDsdsd
individuals w/extra spot=44.4 % (N = 9).


The extra spot phenotype may be due to an epistatic interaction between D
and Sd.

Black pattern areas of SdSd FWB are found between the Belem spot and cell spot,
between the cell spot and the arch, and between the Belem spot and the arch (Figure A.5).
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sdsd
Long, entire/solid FWB present.
The proximal half of the FWB is non-black and the distal half is black (Figure
A.9).

Figure A.9

sdsd FWB split into proximal non-black half and distal black half.

A good approximate center along the proximal-distal axis of a Heliconius FW is
the distal border of the discal cell. The non-black half of the sdsd FWB is positioned at
the approximate center of the FW.
The non-black color in the discal cell of an sdsd individual is more distal than the
cell spot of an SdSd individual (Figure A.7).
Along the anterior-posterior axis, the non-black half of the FWB extends from the
Sc to the posterior of the Cu2 vein (Figure A.5 & A.10).
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Figure A.10 Relative locations of SdSd and sdsd FWB (ventral view).
The translucent red area represents the non-black region of the sdsd FWB and is
superimposed on an SdSd FWB. Note how the sdsd FWB extends further posteriorly than
the SdSd FWB. Also note how the distal edge of the SdSd arch is at the same place as the
distal edge of the sdsd black portion of the FWB.
The sdsd FWB extends towards the posterior border of the FW further than the
SdSd FWB, and the black half of the FWB extends as far distally as the distal edge of the
SdSd arch (Figure A.10).
Sdsd
Has a combination of Sd and sd features
The Sdsd FWB can contain the black pattern features of both Sd and sd, the nonblack features of both Sd and sd, or portions of both non-black and black pattern features
of Sd and sd (Figure A.11).
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Figure A.11 Examples of Sdsd FWB with a combination of Sd and sd features (ventral
view).
(A) highlights the presence of both black features. (B), (C), (D), and (E) show both nonblack and black features, and (F) both non-black features.
There is always non-black color where SdSd and sdsd FWB non-black features
overlap (Belem spot, cell spot, and Sc-R2 spots) (Figure A.10 & A.11).
Sdsd individuals with red in their FWB have at least some red between the Cu2
and A1/A2 veins.
Black is present just before and just beyond the distal border of the discal cell,
when looking at the ventral view.


This black can vary from a thickened “V” of black (Figure A.11, F), to
black that extends all the way to the apex of the FW (Figure A.11, looking
from F to A). When looking at the dorsal view, there is generally less
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black relative to the ventral side; although there is still black present at the
border of the discal cell, it may just be a thin “V” and difficult to
distinguish if it is before or after the border.
FWB Arch Phenotypes
The boundaries of the FWB, and thus the arch, are determined by the position and
size of black pattern elements (the areas where WntA was expressed (5)). These
boundaries seem to be defined during the larval stage. During the first 4 days of the pupal
stage, the presumptive red regions of the wing are apparent (i.e., areas where optix is
expressed (1)). The actual non-black and black pigments are not present until the terminal
days of the pupal stage (5). Areas of the FWB where WntA and Optix were not expressed
will be yellow in the adult (in the case of H. e. erato).
The arch may be more narrow or broad along the proximal-distal axis. This is
likely associated with variation in Sd, but it is also likely influenced by the Ro locus. Ro
is involved with flattening the distal edge of the FWB, versus the distal edge being
rounded (3, 6).
“Broken arch”
This phenotype is likely controlled by multiple loci (i.e., multiple genetic changes
likely alter arch shape), but namely the effects of the Ro locus, which involve the
reduction of the arch in the distal to proximal direction (Figure A.12, D & F). This can
potentially lead to the loss of non-black areas of the arch center (veins M1-M3) (Figure
A.13 B & H). Ro might also be acting on the distal end of the sdsd FWB; however, it
would be cryptic variation in sdsd because the distal half of the sdsd FWB is black. It is
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difficult to distinguish if the broken arch phenotype is associated with Ro, is a
contribution of the sd allele, or perhaps an interaction between sd and Ro or other loci
(Figure A.12 & A.13).

Figure A.12 Several FWB arch phenotypes (dorsal view).
Looking from (A)-(C) illustrates several "thin arch" phenotype examples. (D) &(F)
showcase the "broken arch" phenotype. (E) is an example of the "M3-split" phenotype.

Figure A.13 FWB arch phenotypes.
(B-F) is the dorsal view of individuals with different arch phenotypes. (H-L) is the
ventral view of those same respective individuals. (A) & (G) is an example of an Sdsd
individual very close to SdSd "broken arch." (B) & (H) is an SdSd "broken arch"
individual very close to Sdsd. (C) & (I) illustrate the "thin arch" phenotype. (D) & (J)
represent an individual with a thin FWB, not just a "thin arch." This individual also
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possesses the "shadowed" phenotype. (E) & (K) shows an individual w/heavy shadowing.
(F) & (L) is an individual with the "M3-split" phenotype.
"Broken arch" versus Sdsd
If two or more non-black sections of the arch are absent ("shadowed" non-black in
that region qualifies) between M1 & M2, M2 & M3, and M3 & Cu1 (looking at the
ventral side, though still apparent on the dorsal side), then an individual is considered
Sdsd and not SdSd "broken arch" (Figure A.13, A & G). If one or none of those sections
are absent from the arch, then it is SdSd, as long as the FWB is otherwise SdSd (Figure
A.13, B & H).
"Thin arch"
The "thin arch" phenotype occurs when there is just the narrowing of the arch
(Figure A.13, B & H), not narrowing of the arch and other non-black components of the
FWB (Figure A.13, C & I). It is not clear if this phenotype is an interaction between Sd
and Ro, just Ro, or something else.
"Shadowed"
Non-black regions of FWB appear to be “spray-painted” with black, which can
vary from slight to heavy “spray-painting” (looks like the non-black color is dissolving)
(Figure A.13, E & K). The non-black regions of the FWB can appear thin due to the
"shadowed" phenotype (Figure A.13, D & J).


The "shadowed" phenotype can be found in DDsdsd & DDSdsd
individuals as well.
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"M3-split"
There is a black “channel” (i.e., extra thick black along vein line) along M3 vein
that separates the arch (Figure A.13, F & L). This is especially clear on the ventral side
(Figure A.13, L). Other vein lines can be thickened with this phenotype, but it is
particularly thick along M3.
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APPENDIX B
SURVIVAL OF WARNING COLOR FORMS USING
ARTIFICIAL BUTTERFLY MODELS
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Introduction
Aposematic coloration in butterflies is one of the preeminent examples of
adaptive traits that exist in nature (1-5). Wing color patterns of aposematic butterflies are
used to warn predators of their unprofitability (1-3, 5). For warning colorations to be
effective, they need to be common enough to train local predators, which creates a
situation of frequency-dependent selection against rare forms (5-8). This scenario can
facilitate Müllerian mimicry, where the cost of training local predators is shared by
multiple species with the same aposematic phenotypes (2, 9). Therefore, we expect strong
selection for both monomorphism and high frequency of local warning colorations (3, 5,
9-11). Yet, seldom are there studies conducted in the field to test the survival of different
warning color forms, particularly in areas where polymorphic color patterns exist (10, 1214).
In Heliconius butterflies, there is a vast array of divergent warning colorations
among and within species, as well as extensive Müllerian mimicry between more
distantly related species (5, 15-18). A number of mark-recapture studies have
demonstrated that strong positive frequency-dependent selection maintains local color
pattern forms (9, 10, 19). The most likely agent of selection acting against rare warning
color phenotypes of Heliconius are jacamars (Galbulidae), which are known to have high
discriminatory ability, and attack the same novel forms again and again (20-22).
However, there is a handful of other avian predators that have been known to prey on
Heliconius and influence their survival, such as flycatchers (23, 24) and tanagers
(Thraupidae) (25).
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Studies utilizing artificial Heliconius butterflies may be valuable for assessing the
survival of color morphs in the field. Clay models of multiple aposematic taxa, such as
frogs and snakes, have been used to demonstrate color pattern discrimination by
predators (26, 27). Recently, indiscriminable models (i.e., artificial butterflies with paper
wings and plasticine bodies) of Heliconius were used to provide direct evidence of
predation on warningly colored morphs (28-30). Merrill et al. (2012) found there were
significantly greater attacks on hybrid color pattern models relative to models of the
parental forms, suggesting stronger selection against the more rare form (i.e., hybrid
form). Consequently, it is unclear how new hybrid color patterns establish in an area,
such as in cases of hybrid speciation, which has repeatedly reported to occur in
Heliconius (3, 31-33).
A large amount of warning color variation can occur in areas of hybridization
between distinct populations of Heliconius (i.e., hybrid zones), and are thus great places
to examine the survival of color pattern forms (5, 17, 34). A recent study of a Heliconius
hybrid zone in Ecuador conducted an artificial butterfly experiment within a contact zone
and in the pure zones on either side (30). The attack rate on hybrid and parental forms
were similar; however, there was evidence of stronger predation within the hybrid zone
relative to the pure areas (30). However, a mark-recapture/resight experiment was not
conducted for this Ecuadorian hybrid zone and there have not been other artificial
butterfly studies performed within other hybrid zones to support or refute greater
predation.
In French Guiana (FG) there is a transition zone between two races of H. erato, H.
e. erato and H. e. hydara (35-37) (Figure 2.1). There is a variety and abundance of color
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pattern forms in this hybrid zone, and it has been in approximately the same position for
the past 250 years (36, 38, 39) (Figure 2.2). Evidence from a mark-resight experiment
(Chapter 2) and communal roosting behavior (Chapter 3) within the FG hybrid zone,
suggest that there is high establishment of all color pattern forms (including a
rare/putative hybrid form) and therefore reduced positive frequency-dependent selection
(PFDS).
The current study serves as a complementary project to the mark-resight
experiment of Chapter 2. Here, we employed indiscriminable color pattern models of H.
erato in French Guiana to 1.) determine the survival of hybrid and pure color pattern
forms inside a transition zone; and 2.) to compare PFDS (i.e., predation) within a
Heliconius hybrid zone to a pure area. By completing these objectives we expected to
have independent confirmation of similarly high survival of hybrid and pure forms inside
the French Guiana transition zone. Furthermore, we expected greater overall attacks (i.e.,
greater predation) in the pure area relative to the hybrid zone, as well as lower survival of
foreign/non-mimetic forms versus the native form. Contrary to predictions, there was
similar survival of all model butterflies, despite color pattern form, or zone. However, the
number of attacks on models may have been too low to detect differences in survival.
Materials and Methods
Artificial butterfly construction
To make artificial butterfly wings as authentic as possible, we obtained color
reflectance readings of real H. erato from the French Guiana hybrid zone. Reflectance
readings of the wings were taken using an Ocean Optics spectrometer (USB4000,
Dunedin, FL, USA) with lighting from a PX-2 pulsed xenon lamp, which ends with a
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probe that is kept at a consistent angle and distance (29). Readings were completed for 10
individuals of each race (H. e. erato & H. e. hydara), as well as F1 hybrids. All spectra
readings were placed in Matlab 7.4.0 software, where a bird vision model was applied
(29). This model converted the spectra values to a new value system based on how a bird
would see those colors. This was completed to more accurately portray the wing color
patterns to the predators of interest (avian predators) and elicit a natural response. Color
charts were then constructed, and the same spectra readings and bird vision model
determination that occurred for the real wings, was completed for the printed color charts.
In order to provide the dimensions of the color pattern and wings for the artificial
butterflies, the wings of ten individuals of each form (erato, hydara, F1 hybrid) were
photographed following the methods described in Stoddard & Stevens (2010) (40). Out
of the photographs with the best exposure, three individuals of each form were chosen to
provide within-form variation in color pattern and wing size, and thus more accurately
represent the natural population. Colors from the color charts that most precisely
characterized the patterns of real H. erato wings, were substituted for the colors in the
photographs. Once the digital images of the H. erato wing sets were properly colored and
sized, 126 wing sets of each form were printed (using a Hewlett Packard LaserJet 2605dn
printer at 300 dpi) on HP Laser Jet Tough Paper (Palo Alto, CA, USA).
The bodies of the artificial butterflies were constructed from dark-gray modeling
clay, placed on top of the paper wings, and held in place by a strait pin. Modeling clay
was utilized because it is an ideal medium to display marks produced by predators, and to
mold into a shape that approximates a real H. erato body (Figure B.1).
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Figure B.1

Attacks on artificial butterfly models.

This figure depicts assembled butterfly models with marks by "predators." (A) & (B)
illustrate clear bird marks, while (F) shows a likely bird mark. (C), (D), and (E) feature
insect markings. (C) & (D) also provide an idea of how models were displayed to
potential predators on leaves.
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Placement of artificial butterflies in hybrid zone
Models (i.e., artificial butterflies) were placed at three replicate sites along the
approximate center of the hybrid zone with at least five kilometers between sites to insure
independence. Ninety to 150 models were monitored daily for three days at each site. To
limit predators establishing a search image for models (learning they are artificial), while
allowing for an appropriate number of replicates of each form to be employed, we had a
two-week lull between rounds (one round= three day period models were deployed) and
separated models by ten meters at each site. Each model was positioned on a plant by
sliding the pin of the model through a leaf or stem and placing a ball of clay on the
underside to secure it (Figure B.1). Models were placed between one and three meters in
height (a height we regularly view Heliconius at, and is accessible for us to check the
models), as well as in an orientation that would maximize visibility of the models by
avian predators.
Model placement in pure area
To compare the survival of color patterns in a pure area to those near the center of
the hybrid zone, we placed the same butterfly models (i.e., the ones used at the center of
the hybrid zone) at several sites within an area where only H. e. erato are found. In the
pure zone, 150 models were placed for two separate rounds at one site, 90 at another site,
and 30 at a third site. The number of models placed at each site corresponded to the size
of the site and therefore how many models could feasibly fit. There was one day between
rounds, but the models were not put back in the same place within the sites as they were
in the middle of the hybrid zone. Models were deployed for a different number of rounds
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and for a different interval between rounds to maximize the time period (12 days)
available in the pure area.
Model Surveying
During a daily check, the model was left undisturbed if it was intact. If there was
a mark by an insect or bird, the model was removed; several pictures were taken of the
ventral and dorsal-side of wings, as well as several of the mark(s) to identify the
individual model and have a digital record of the mark(s). If a model had fallen and was
free of marks, it was placed back on the plant from where it fell. If marks on a model
were likely extraneous, they were smoothed out, and the model left up.
Analysis
To determine if there were differences in the number of attacks among various
groups of models (i.e., erato, hydara, and hybrid models; or pure zone & hybrid zone
models), exact binomial tests were performed. For these tests, attacks on a particular
group of models were considered ‘successes’; ‘trials’, were the number of models
deployed of a given group; and the ‘probability of success’, was the total number of
attacks across all model groups being compared, over the total number of models
deployed across those groups. Exact binomial tests were used to test for significant
differences in the proportion of attacks between color pattern forms, or zones. These
analyses were conducted with the data partitioned by different attack classifications: (i)
including only clear and likely bird marks; (ii) clear, likely, and possible bird marks.
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Results and Discussion
During the summer of 2010, 990 models (330 of each butterfly model form) were
placed near the center of the hybrid zone, and 570 models (190 of each form of the
butterfly models) in the pure area (Table B.1 & B.2). Models of all three color patterns
were attacked and marks on bodies were informative enough to indicate the predator in
most instances (Figure B.1). However, when the data was partitioned into the following
attack classifications: possible, likely, and clear bird attacks, and likely and clear bird
attacks, the number of attacks was low. Only twelve models in the hybrid zone and eight
in the pure area received likely or clear attacks by avian predators (Table B.1). The
incorporation of possible bird attacks increased the total in the hybrid zone and the pure
zone to 24 and 25, respectively (Table B.2).
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Table B.1

Clear and likely bird attacks on artificial butterfly models.
Form

# of
Attacks

# of Models

Proportion
Attacked

*P-value

erato

5

330

0.015

0.608

hydara

4

330

0.012

1.000

hybrid

3

330

0.009

0.803

Total/mean

12

990

0.012

0.804

erato
hydara

1
2

190
190

0.005
0.011

0.531
1.000

Hybrid zone

Pure zone

Hybrid zone:

hybrid

5

190

0.026

0.199

Total/mean

8

570

0.014

0.577

native

1

190

0.005

0.531

foreign

7

380

0.018

0.385

Pure zone:

**0.709

**1.000

* Represents P-values resulting from exact binomial tests.
** Indicate resultant P-values from comparing the proportion of attacks between hybrid
and pure zones.
Note: the 'probability of success' = total # of attacks across groups compared/total # of
models of those groups.
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Table B.2

Possible, likely and clear bird attacks on artificial butterfly models.
Form

# of Attacks

# of Models

Proportion
Attacked

*P-value

erato
hydara
hybrid
Total/mean

10
6
8
24

330
330
330
990

0.030
0.018
0.024
0.024

0.470
0.592
1.000
0.687

erato
hydara
hybrid
Total/mean

6
7
12
25

190
190
190
570

0.032
0.037
0.063
0.044

0.592
0.858
0.210
0.554

native
foreign
**0.235

6
19

190
380
Pure zone:

0.032
0.050
**0.092

0.592
0.530

Hybrid zone

Pure zone

Hybrid zone:

* Represents P-values resulting from exact binomial tests.
** Indicate resultant P-values from comparing the proportion of attacks between hybrid
and pure zones.
Note: the 'probability of success' = total # of attacks across groups compared/total # of
models of those groups.
There appears to be similar survival of all artificial butterflies, regardless of color
pattern, zone, or attack classification. Here, we show there was not a significant
difference in the proportion of attacks between hybrid and pure forms within the French
Guiana hybrid zone, as expected, but we did not predict the same results would occur in
the pure zone (exact binomial test P-values > 0.05 for all model groups compared) (Table
B.1 & B.2). In fact, when the data from the pure zone was grouped into foreign (hybrid &
hydara) and native (erato) categories, there still was not a significant difference in attacks
(Table B.1 & B.2). Furthermore, the overall proportion of attacks in the pure zone (across
all color pattern forms) was not significantly greater than in the hybrid zone (Table B.1 &
B.2), which suggests the strength of positive frequency-dependent selection is similar in
both zones. However, although not significantly different, the proportion of attacks in the
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pure area was larger than in the hybrid zone (Table B.1 & B.2). Additionally, H. e. erato,
the native form, received the fewest attacks in the pure zone (Table B.1 & B.2). These
results suggest that if models received more attacks, then differences in survival may
have been detected between color pattern forms or zones.
Low attacks may be attributed to the effectiveness of artificial butterflies and/or
the experimental design of model placement. Out of 1,560 models deployed in this study,
only 1.3 % of them were clearly or likely attacked by birds, and 3.1 % when possible bird
marks were included. It is unclear why there was such a low overall proportion of models
attacked. One reason may be due to deploying models multiple times (i.e., different
rounds) at the same site within a zone, or not putting out enough models (30). Despite a
two-week lull between rounds (in hybrid zone), local predators may have learned that the
models were not real prey. Another reason for low attacks could be due to the habitats the
models were placed in. In the pure zone, models were placed along trails that had greater
canopy cover compared to the roads along which models were deployed in the hybrid
zone. Therefore, the models in the pure zone may have been less visible to predators,
and/or the composition of the predator community dissimilar, which would likely impact
attack number. The fact that models are immobile may be an additional reason for low
attacks. The putative chief predators of Heliconius, jacamars (Galbulidae), have been
shown to distinguish between prey and non-prey items based on their movement (21).
Since artificial butterflies are not moving, color patterns may be displayed in an
unrealistic manner, and thus models not considered prey by most birds. In general, it may
be difficult to receive more attacks on models in areas where selection on color pattern is
suggested to be relaxed, such as in the French Guiana hybrid zone (Chapter 2 & 3).
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Although this study supports similar survival among color pattern forms within
the French Guiana hybrid zone, predation did not appear to be stronger in the pure zone,
and there was little support for selection favoring the native form in the pure area (H. e.
erato). Overall, more attacks on models are likely needed to confidently determine if
there are differences in survival among color pattern forms or zones.
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